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Referat
The main subject of this thesis is to examine thermo-osmotic flows, which occur on interfaces
of non-uniform temperature. Such thermo-osmotic flows are purely non-thermal equilibrium
phenomena. Along the non-isothermal interface, specific interaction of a liquid and its solutes with a
boundary vary in strength across the interface, according to the local temperature. This boundary can
be a solid, a membrane or a phase boundary. The flow is thereby continuously pumping fluid across
the interface in direction of the local temperature gradient, resulting in an extended flow pattern in
the bulk due to mass conservation. In a system containing particles and heat sources in a liquid under
spatial confinement, the thermo-osmotic flow may drive particles in a directed manner, or can lead to
collective phenomena. To approach this broad topic of (self-)thermophoresis and collective motion
of active particles and quantify the role of the thermo-osmotic flow upon the latter effects, different
experiments have been performed:
The first experiments aim to quantify the thermo-osmotic flow at a non-isothermal liquid/solid
interface for two fundamentally different substrate properties. Further, the bulk flow was investigated
for two different systems. The form and spatial extension of this bulk flow pattern depends sensitively
on the form of the container and the interface, as well as on the thermo-osmotic flow. The first
system is a liquid film confined between two planar glass cover slips. The second case is a Janus
particle immobilized on one of the glass slips. In the first case, the non-uniform temperature profile
is generated by optical heating of a nanometer sized gold colloid, and in the second case, the heat
source is the Janus particle. The bulk flow pattern consists, for the second case, of the flow pattern
created by the glass cover slips and the one created by the Janus particle.
The following experiments are focusing on the dynamics of mobile self-thermophoretic Janus parti-
cles. In particular, their dynamics and the contributions of the thermo-osmotic flow to the interaction
of multiple active particles are investigated. To investigate those particles under controlled conditions
and examine their interactions at low concentrations for an effectively unlimited amount of time, a
real-time feedback algorithm was co-developed to gain control of the motion of multiple active par-
ticles simultaneously, called ”photon nudging”. With the help of this method, first experiments have
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2 CHAPTER 1. INTRODUCTION
On microscopic length scales, a liquid is governed by low-Reynolds number hydrodynamics and
thermodynamics. The latter is observed as the Brownian motion driven by the thermal fluctuations
of the liquid molecules. When such a system is brought out of thermal equilibrium by introducing a
non-uniform temperature profile, a common observation is the directed transport of mass. This can
be split into thermal convection and thermophoresis, being two fundamentally different phenomena:
Thermal convection is the fluid flow caused by the buoyancy due to the temperature-dependent mass
density of the fluid. Thermophoresis is known as the migration of particles or molecules along the
gradient of the local non-uniform temperature profile. Such a particle motion has been observed
in colloidal suspension,1–5 for nano-particle,6–9 polymer10–14 or micellar solutions,9, 15, 16 and for
DNA17 or proteins.18 This motion was first observed over a century ago by Ludwig,19 who noticed
that concentrated salt solutions easily crystallize around the cooled limb of an inverted U-tube.
Independently, Soret20 described this effect over 20 years later and quantified it for many electrolyte
solutions. Consequently, the motion of molecules or particles along an inhomogeneous temperature
distribution is called the Ludwig-Soret effect or thermophoresis.
Both phenomena appear naturally, for example, in hydrothermal pore systems.21, 22 There, the
interplay of both can result in a local exponential enrichment of a solute. With such an enhancement
of the local concentration of organic molecules, both phenomena can be seen as a key mechanism of
the molecular evolution of life. In the laboratory, thermophoresis is achieved by creating arbitrary
non-uniform temperature profiles. Such temperature profiles can be generated, for example, by
direct heating of the liquid or a plasmonic structure with a laser beam. The use of an optical heating
provides switchability and flexibility and opens the possibility to utilize the effect of thermophoresis
to manipulate objects and study their properties. Tools and experimental methods utilizing ther-
mophoresis have been invented to study the binding properties of organic species,23 to confine24
and pump25 molecules free in solution. Recently, it has been shown that thermophoresis can be
used to trap a defined number of single molecules.26 Besides the great progress in the individual
topics, the microscopic origin of thermophoresis is still under debate,27, 28 as different approaches
are existing.1, 29, 30
A common microscopic explanation of thermophoresis is the thermo-osmotic flow. To explain this
flow, a closer look at the surface of a solid immersed by a liquid is inevitable. At the very vicinity of
the solid/liquid interface an interaction layer accrues, as depicted in Fig. 1.1A, defined by specific
interactions (electrostatic, Van-der-Waals, hydrogen bonds, ...) of the surface with the liquid and its
solutes. Electrostatic interactions, for example, between a charged surface and mobile ions available
in the liquid medium, lead to an accumulation of those at the surface. These create a diffusive
charged double layer, called the Debye layer. Additionally, the properties of water at solid interfaces
differ from the bulk31–35 and depend on the chemical36 as well as mechanical surface properties,
such as surface roughness or patterning.37 The interaction of the water molecules and the surface can
result, for example in a hydrodynamic slip layer, that depends on the wettability of the surface.38, 39
Also, a charged layer at an apolar boundary may arise.40 The extension of the interfacial layer normal
to the interface can range from a few Ångstroms for interfacial water up to several ten nanometers
for the Debye layer. In a physical context those effects can be characterized by a local excess specific
enthalpy h in the interfacial layer compared to the bulk.41 If the liquid phase is attracted at the
molecular level, then h < 0.42 The excess specific enthalpy is maximum at the interface and vanishes
beyond the boundary layer, as depicted in Fig. 1.1A. Since the most physical parameters describing
the system and the corresponding interactions are sensitive to temperature, also the excess specific










Figure 1.1: (A) Depicts the occurrence of an interaction layer with the length scale B at a solid interface
immersed by a liquid. In the case of a non-uniform temperature distribution across the surface a thermo-
osmotic flow arises within the interaction layer with an effective slip velocity vB beyond this layer. (B) In the
case the non-isothermal interface belongs to a mobile particle, the particle is driven in the opposite direction of
the thermo-osmotic flow proportional to the external temperature gradient.
across the interface resulting in a stress in the interfacial layer,42 leading to a thermo-osmotic surface
flow. This effect has been first observed by Derjaguin and Sidorenkov41 as the water flow through a
porous glass dividing a container in two sub-volumes at different temperatures.
Such interfacial flows occur in general not only at non-isothermal surfaces, but are also known
for interfaces that exhibit a non-uniform solute concentration or electrical fields.42 The interfacial
layer and the excess specific enthalpy are typically challenging to access both experimentally
and theoretically. Commonly, the spatial extension of the interfacial layer in normal direction is
assumed to be small in comparison to the spatial extension of the particle. The corresponding flow
is then characterized by a local quasi-slip velocity or boundary velocity, imposing a hydrodynamic
boundary condition. In the case of thermo-osmosis, this boundary velocity is proportional to the
local temperature gradient at the surface with the thermophoretic mobility being the proportionality
constant. Assuming a temperature increment of 1K decaying monotonically over a length scale of
1µm, a boundary velocity of several µm/s is expected.28, 43, 44 The shear flow in the boundary layer
induces a tangential force on the area element dS of the surface.45 When a particle is suspended in
a liquid with a constant temperature gradient, as depicted in Fig. 1.1B, this stress integrated over
the particle’s surface does not vanish, which drives the particle into the opposite direction of the
boundary flow, even though the particle and the liquid are overall force-free.
While such particles or molecules migrate in externally generated temperature gradients, recently,
artificial swimmers have been designed, which are capable to generate their own non-uniform temper-
ature or concentration profile, for example, via self-thermophoresis,46–48 self-diffusiophoresis49–51
or self-electrophoresis.52, 53 Their dynamical behavior is characterized by a ballistic motion in
a directed manner despite omnipresent thermal fluctuations and overwhelming viscous forces
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dominating in low-Reynolds number systems. This ballistic motion is randomized by the rotational
Brownian motion, resulting in an enhanced effective diffusion coefficient.49 At high particle densities
they show a transition from an effective undirected into a collective synchronous motion forming
dynamical clusters, swarms or flocks.51, 54–57 Such a coherent harmonization of the individual state
of motion into a global order occurs across different biological systems and length scales, like human
crowds, fish, birds, insects down to microscopic organisms such as bacteria or sperms.58, 59 This
motion is a result of specific interactions between each member of the ensemble and the residual
organism. While the complexity of living organisms and their advanced ability to interact with and
adapt the state of motion of their neighbors suggest a complex interaction scheme allowing them to











temperature increment at the surface of the substrate
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Figure 1.2: (A) Velocity field of a self-thermophoretically driven Janus particle (white arrows) in addition
to the temperature profile in its vicinity. (B) Cross-section of the flow pattern around a heated gold particle
located at r = 0µm in a liquid confined by two planar walls, which is perturbed by the presence of a colloidal
particle of similar size as the gap.
5
simple attraction, repulsion and alignment.
These give rise to the existence of very basic cross-system mechanisms that are sufficient to explain
the collective motion. The controllability of their properties and dynamics, such as their shape and
propulsion velocity, make those particles interesting model systems to investigate the fundamental in-
gredients necessary to drive collective motion in non-equilibrium systems. In numerical calculations,
the collective motion of such particles can be reproduced on a phenomenological level by assuming
steric interactions (volume exclusion and alignment of elongated particles) as well as interaction
potentials for alignment and attraction or repulsion.60–66 The lacking understanding of the physical
origin of the collective motion can be partly related to the missing experimental possibility to
study the interactions of a specific number of particles and selectively address individual interaction
mechanisms apart from the whole ensemble, but also to the incomplete knowledge of the origin of
their self-propulsion.
While the thermo-osmotic flows are assumed to be responsible for the thermophoretic self-
propulsion, little is known about their impact on the occurrence of such collective phenomena.
Interfacial flows continuously pump liquid along the gradient of temperature or concentration.
Due to mass conservation in the vicinity of the interface, a hydrodynamic flow pattern accrues
depending on the detailed geometry of the interface and the container as well as on the form
of the thermo-osmotic flow. Additionally, the self-thermophoretic swimmer acts as a local heat
source creating a non-uniform temperature profile in radial direction. The self-propelled driving
is then accompanied by a special velocity field in its surrounding67–69 in addition to non-uniform
temperature67 or concentration profiles70 depending on the detailed propulsion mechanism in its
close proximity. Fig. 1.2A displays the flow pattern of a self-thermophoretically driven Janus
particle (white arrows) in addition to the temperature distribution in its surrounding (heat map). The
non-uniform temperature profile can either induce a thermo-osmotic flow at the surface of a particle
located in this profile or on the solid/liquid interface of the substrate the particles are typically located
at. The importance of the substrate is illustrated in Fig. 1.2B. There, a polystyrene colloid is confined
between two planar walls. A heat source located at the origin (r = 0µm) creates a non-uniform
temperature profile in its surrounding and in particular at the substrate. The thermo-osmotic flow
along the substrate results in a bulk velocity field interacting with the unheated colloid.
From a physical point of view, the self-propelled particles, which utilize thermo-osmotic flows for
their driving, are interesting examples of how directed transport and collective motion can arise
from thermal non-equilibrium. The thermo-osmotic flows are not only the key driving mechanism
of such particles but, as explained, also play a major role for the synchronous motion of dense
solutions of such actively driven particles. An interaction is thereby achieved directly through the
hydrodynamic flow pattern accompanied by the thermo-osmotic surface flows and indirectly through
thermophoretic motion of the residual particles in the non-uniform temperature profile connected to
each self-propelled particle. In many experiments, also in those presented in this thesis, the particles
are located at an interfaces, for example, the glass cover slips, which are used to confine the particle
solution. Since the self-propelled particle is a heat source, a non-uniform temperature profile will
develop at the interface of the substrate. Hence, also a thermo-osmotic flow at the substrate surface
is expected, that is fixed to the particle. The resulting flow pattern in the bulk is able to manipulate
the motion of the particle itself and of others.
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The main subject of this work is to study these contributions of the thermo-osmotic flow to multi-
particle interactions on the single particle level under confinement. To appreciate all the contributions,
multiple experiments have been performed, which study different aspects of the thermo-osmotic flow.
These investigations can be divided into two main topics:
• The experimental observation and quantification of the flow pattern, created by the actively
driven Janus particles and those created by the substrate in the presence of a heat source.
• The investigation of the motion of particles, both passive colloids and active swimmers, in
the presence of an external non-uniform temperature profile and in the thermo-osmotic flow
pattern.
The system of interest is a gold-capped Janus particle consisting of a polystyrene bead of various
sizes (Ø = 200− 1250nm) and a gold hemisphere with a thickness of about 50nm. Due to the
complex-valued dielectric properties of gold, the gold hemisphere under illumination of light is able
to absorb a portion of the incident intensity, while the polystyrene bead is essentially transparent.
The absorbed power is dissipated rapidly to heat which is released into the environment. After a short
time period a stationary temperature profile arises in the surrounding liquid and especially across
the particle’s surface, as depicted by the heat map in Fig. 1.2A. Along the non-isothermal surface,
a boundary velocity occurs proportional to the local temperature gradient resulting in a specific
velocity profile as indicated by the white arrows.67 The extension of the created flow pattern is
expected to decay on the distance of less than one particle radius. Thus, particle interactions caused
by hydrodynamic flow patterns will take place on similar length scales. Within the experiments
performed in this thesis, the Janus particles are restricted to a planar motion by two glass cover slips.
Structure of the thesis
• Chapter 1 is the present introduction.
• Chapter 2 presents the theoretical background: The chapter starts with Sec. 2.1, a brief
overview of the particle motion in an isothermal environment. This part contains an in-
troduction to diffusion and Brownian motion of colloidal particles embedded in a liquid
medium. This is followed by the special constraints for the motion on small length scales.
Especially the existing swimming techniques or self-propulsion mechanisms on low Reynolds
numbers are summarized. Within Sec. 2.2 the theoretical foundations to describe the motion
of a particle suspended in a liquid of non-uniform temperature are provided. This part is
split into the description of particles that are located in an externally generated temperature
profile (Sec. 2.2.1) and particles that are able to create their own non-uniform temperature
(Sec. 2.2.2). The last part of the chapter, Sec. 2.3, gives an overview of the optical properties
of gold colloids and Janus particles and especially their ability to absorb a portion of the
incident laser light. It furthermore presents analytical expressions for the temperature profiles
of both when illuminated with laser light.
• Chapter 3 describes the experimental background necessary to perform the experiments
presented in this thesis. Sec. 3.1 introduces the experimental setup containing a description
of the real-time tracking capability that is essential for this work and additionally provides a
detailed characterization of the piezo stage and the acousto-optical-modulator. The second
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part (Sec. 3.2) presents the protocol for the preparation of the Janus particles and the samples.
The third and last part, Sec. 3.3, provides experimental results for the temperature increments
per heating power for a gold colloid and the Janus particle.
• Chapter 4 presents the central results of this thesis and consists of 5 different parts. The
first aspect presented in Sec. 4.1 investigates the occurrence of the thermo-osmotic flow
on interfaces exhibiting a non-uniform temperature. Furthermore, the impact on colloidal
particles by such a flow pattern is highlighted. Sec. 4.2 connects seamless and examines the
thermo-osmotic flow pattern caused by a heated but immobile Janus particle. Within Sec. 4.3
the basic properties of self-propelled Janus particles are summarized including the scaling
of the absorption cross-section, temperature gradient, phoretic velocity and the propulsion
efficiency with size. In Sec. 4.4, the real-time capability of the experimental setup is used
to actively steer, trap and guide the Janus particles. The focus is thereby set to describe the
photon nudging procedure and explore the trapping accuracy with the particle size. This
method is further extended to control arbitrarily shaped, in this case V-shaped, particles. The
last part (Sec. 4.5) utilizes the photon nudging procedure to provide first experiments on
multiple particle interactions between actively driven Janus particles.






10 CHAPTER 2. THEORETICAL BACKGROUND
2.1 Particle motion in an isothermal environment
This chapter aims to provide a picture of the multifaceted physics on small length scales. It starts
with the macroscopic description of the diffusion followed by its microscopic origin, the Brownian
motion. The special properties of the low Reynolds regime are thereby emphasized. Based on this,
the physical constraints for the directed motion on small length scales are discussed in detail. This
section closes with a summary of the existing possibilities to self-propel.
2.1.1 Diffusion
Diffusion is typically observed as the vanishing of an excess concentration, e.g. a droplet of ink
in water with time or the mixing of two different liquids or dissolved species. The time evolution of
such a process can be mathematically described by Fick’s laws. This motion is distinguished from the
Brownian motion or random walk, which a particle or molecule that is dissolved in a liquid medium
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Figure 2.1: Time evolution of a local concentration excess c(0,0) = δ(0) in (A) 1D and (B) 2D. (C) Illustrates
the explanation of macroscopic diffusion by the microscopic Brownian motion.
Fick’s first law relates the macroscopic diffusive flux J to the local concentration ∇c(x, t) gradient:
J =−D∇c(x, t) , (2.1)
with D being the diffusion coefficient of the solute. The diffusive flux quantifies the directed motion
(on a statistical average) of a solute through an area per time. Those solutes migrate then from regions
of high concentration to regions of low concentration.
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Fick’s second law predicts the time evolution of the local concentration by diffusion. This equation
can be derived from Fick’s first law in combination with the continuity equation dc(x, t)/dt =−divJ:
∂c(x, t)
∂t
= D∆c(x, t) , (2.2)
and is also known as the diffusion equation.
This differential equation can be solved analytically for the time evolution of a delta distributed excess
concentration in one dimension with the initial condition:
c(x,0) = δ(x− x0) , (2.3)





















x2c(x, t)dx = 2Dt. (2.5)
The width of the Gaussian is often named the mean squared displacement and scales linearly with






x c(x, t)dx = x0. (2.6)
Fig. 2.1A displays the time evolution of the concentration excess given by Eq. 2.4. In 2D the concen-
tration profile is given by the product of the individual distributions:
c2D (x,y, t) = c(x, t)c(y, t) . (2.7)
Note that for simple diffusion each dimension is independent. Its time evolution is displayed in
Fig. 2.1B. The origin of the diffusion can be found on the microscopic level. Each molecule or
particle of the solute undergoes Brownian motion as illustrated by Fig. 2.1C. On a single particle
level the concentration profile given by Eq. 2.4 can be interpreted as probability distribution p(x, t)≡
c(x, t) to find the particle at position x and time t.
2.1.2 Brownian motion
The above described phenomenon of diffusion is the macroscopic picture of an ensemble of many
particles or molecules. In a closer look, each molecule or particle embedded in a liquid medium
undergoes a jittering motion driven by thermal fluctuations of the solvent molecules independent
of the presence or absence of a concentration gradient. Even though the tumbling motion of small
particles invisible to the eye, like small dust particles in air illuminated by sun light, has been observed
centuries ago. The discovery of the erratic motion is typically credited to the British botanist Robert
Brown.71 In 1827 he was able to observe such a random motion of small pollen grains of the plant
Clarkia pulchella suspended in water using a microscope. The physical description of the motion of
those particles was given independently by Albert Einstein in 190572 and Marian Smoluchowski.73
Albert Einstein related the thermal fluctuations of the solvent molecules to the macroscopically visible
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with kB being the Boltzmann constant and T the ambient temperature. The friction coefficient f
describes the linear response u = F/ f upon applying an external force F. The friction is caused by
random collisions of a particle with the solvent molecules leading to a dissipation of kinetic energy
to heat, i.e. thermal fluctuations.
The friction coefficient f for a spherical particle of radius R suspended in an incompressible liquid








with p being the hydrostatic pressure, v the flow velocity and η the dynamic viscosity of the liquid.
This equation can be reduced to the Stokes equation:
η∆v−∇p = 0, divv = 0, (2.10)
by considering the stationary case without any volume forces f acting on the liquid. The condition
divv = 0 arises from the continuity equation in the static limit. The term ρ(v ·∇)v can be neglected,
what becomes clear when it is compared to η∆v. Identifying ∇ with an inverse length scale ∝ 1/L










with L being the characteristic length scale of the system, e.g. the particle radius. The second equal-
ity can be identified as the ratio of the inertia forces to the viscous forces. This ratio is typically
called the Reynolds number Re. In the case of a sphere with a diameter of L = 1µm and a veloc-
ity of v = 1µm/s suspended in water with the density ρ = 1000kg/m3 and the dynamic viscosity
η = 0.0009Ns/m2, the Reynolds number is about Re ≈ 10−6  1. In such a system any inertia is
immediately suppressed by the viscous force.75 Thus, the term ρ(v ·∇)v can be neglected. Further
consequences of the low Reynolds number regime will be emphasized in Sec. 2.1.3. The friction
coefficient for the translational displacement of a sphere under those conditions is called the Stokes
friction and reads:
fst = 6πηR. (2.12)
In case of a spherical particle undergoing Brownian motion, the translational diffusion coefficient is





Another form of Brownian motion that occurs for a suspended particle is the rotational Brownian
motion, which is similar to the Stokes-Einstein equation, Eq. 2.13, described through the Debye-
Stokes-Einstein equation relating the rotational diffusion coefficient DR to the rotational friction fR.
For a spherical particle with radius R suspended in a liquid with viscosity η and by considering no-slip
boundary conditions, it can be shown that: fR = 8πηR3. One can imagine the rotational Brownian
motion as the motion of a point on a surface of a unit sphere. The mean squared angular deviation in
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hot Brownian motion
The above calculation of the translational and rotational diffusion coefficient is only valid in the
isothermal case, but the system examined within this thesis is considered out of thermal equilibrium,
and the particles are exploring a liquid of non-uniform temperature. Within the topic of ”hot Brownian
motion”, it has been shown that for a heated colloid with the temperature increment ∆Tau above
ambient temperature the analytical form for both diffusion coefficients remain, but the temperature
and viscosity have to be replaced by a new mean temperature and viscosity that are different for
the translational (T transHBM,η
trans











with T transHBM ≈ T0 +
1





with T rotHBM ≈ T0 +
3
4 ∆Tau.
Those calculations become more complex for arbitrary structures, as e.g. Janus particles. However,
the temperature increments as approximated in Sec. 3.3 are typically about 10K, thus the impact on
both coefficients is assumed to be small. It should be noted that the main contribution comes from
the viscosity that decreases exponentially with temperature.79
Brownian motion close to a wall
The above discussed expressions for the diffusion coefficient and the Stokes friction are only valid for
an unbound particle embedded in an infinite large liquid volume. Within the experiments presented
in this thesis, the liquid containing the particles is, as depicted in Fig. 2.2A, confined between two
glass cover slips, which are imposing additional boundary conditions for the particle altering the
Stokes friction and consequently the diffusion coefficient.
The friction for the confined particle is typically increased, leading to a lower translational mobility
D of the particle. Furthermore, the change of friction is different for the motion parallel and normal to
the confining walls. The enhanced Stokes friction can be obtained by a multiple reflection method:80




























with f I (z) being the solution for a single wall. The above equation is valid for motions both parallel
and normal to the substrate surface. In the following only the parallel diffusion coefficient is of
interest, since it is the only accessible quantity throughout the experiments. The enhanced friction
coefficient parallel to one surface f I|| (z) can be also obtained by a reflection method and reads:
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Figure 2.2: (A) Colloid with radius R embedded in a water film of thickness H confined between two planar
walls and displaced in vertical direction by z. (B) Ratio of the reduced diffusion coefficient parallel to the
surface of the confining wall to the bulk diffusion coefficient for a particle close to a wall (black curve) and for
a particle confined between two planar walls (red curve). The particle is thereby located in the center of the
liquid cell with z = H/2.





Both quantities are displayed in Fig. 2.2B in units of the bulk diffusion coefficient D in dependence
on the ratio of the sample thickness H to the particle diameter 2R. The particle is thereby located
in the center of the liquid cell with z = H/2. A significant reduction of the diffusion coefficient
for the case H/2R < 2 is visible. This thickness is common within the upcoming experiments. It
should be noted that in the limit H/2R→ 1, Eq. 2.18 and Eq. 2.19 might fail to represent the reduced
diffusion coefficient in general. In this size regime, microscopic surface properties of the particle and
the confining walls, however, are more important and will affect the translational motion the most, as
presented in experiments on the shear thickening of colloidal suspensions.82
2.1.3 Living on low Reynolds numbers
So far the random motion of a suspended small particle in an aqueous medium driven by thermal
fluctuations of the surrounding fluid has been discussed. The mentioned condition of low Reynolds
numbers reveals a more interesting character of this regime of small length scales. The Reynolds
number is the ratio of the inertia to the viscous forces. For a typical system of a micron-sized particle
suspended in a liquid medium, the inertia forces are completely suppressed by the viscous forces on
timescales relevant for the motion. This property has large impact on any organisms, i.e. bacteria,
that lives in the microscopic world. The survival of such organisms relies on their ability to find and
acquire food. Beside the omnipresent thermal fluctuations, which constantly displace an object, the
low Reynolds number regime adds a crucial constraint to possible swimming techniques. This part
aims at briefly broaching the topic of swimming without inertia and then proceeds quickly to the
special swimming techniques available for artificial swimmers.
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swimming without inertia
To visualize the meaning of the low Reynolds numbers a little better, let us imagine a sphere of radius
R = 1µm dragged with a constant force Fst in water with a viscosity of η = 0.0009Pas. As long
as the force is applied to the particle, its velocity shall be u = 10µm/s. Once the external force is
removed, the particle still moves in the same direction until the viscous forces bring it to a stop. To













Thus, the particle stops within timescales of m/ fst ≈ 0.1µs and distances of ∆x ≈ 0.1Å. In contrast
to this, the timescale for deceleration of a macroscopic object (R = 1m) would be 12 orders of
magnitude larger (m/ fst ∝ R2). This numerical example should illustrate that inertia becomes
irrelevant for the motion of particles at low Reynolds numbers.
A B
fast stroke back stroke
Figure 2.3: Full cycle of (A) a reciprocal swimmer and (B) a non-reciprocal swimmer.75
The issue related to the swimming without inertia was first realized by Ludwig83 and is nicely
summarized by the work of Purcell.75 It can be visualized by picturing how organisms swim in the
macroscopic world (Re 1). Imagine a person swimming in water as depicted in Fig. 2.3A, who can
only move its arms like the hands of the clock, upwards or downwards. The swimming can now be
realized by a periodic sequence of fast strokes followed by a slow movement of the arms back to their
initial position. The fast strokes generate enough inertia so that the swimmer can propel itself for a
certain distance. When the system is scaled down to Re 1, this inertia generated by the fast stroke
would immediately vanish due to the viscous forces. The displacement would then be similar to the
amount of displaced liquid. Since this motion is symmetric, within the slower backstroke the amount
of displaced liquid is equal to the amount displaced by the fast stroke. After one cycle the swimmer
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would be at exactly the same position as before. Well, due to Brownian motion of the object the po-
sition will be different, but directed motion is, however, not possible with such a swimming technique.
The reason why such a motion does not result in a forward motion can be seen from the Stokes
equation Eq. 2.10. The consequence of the time independence of this equation and the missing
inertia term is that any reciprocal motion retraces its trajectory and remains exactly where it started.
To overcome this limitation and establish propulsion, the motion has to be non-reciprocal in time. The
swimmer presented above has only one degree of freedom, it can only move its arm back and forth.
This motion is always symmetric since there is no difference when reversing the cycle. To make
the motion asymmetric, more degrees of freedom are necessary. An example of a non-reciprocal
swimmer is displayed in Fig. 2.3B by the swimmer Purcell suggested.75 Additional examples of
swimmers able to propel themselves on the micrometer scale are, e.g. three linked spheres84 or
Purcell’s three linked swimmer.85 In nature various possibilities exist for self-propulsion86 by using
flagella58, 59, 87 or traveling surface waves (cilia).88
phoretic motion
So far swimmers that are able to propel themselves by mechanical deformation of their body were
presented. A fundamentally different form of directed driving on microscopic length-scales are
phoretic swimmers. The microscopic origin of a phoretic swimmer is a surface flow proportional
to the gradient of the local temperature, concentration or electrical potential.42 This surface flow
or (thermo-)osmotic flow occurs in a thin interaction layer on the surface of the particle caused
by specific interactions of the liquid and the particle. The interfacial shear flow locally induces a
tangential force on the surface. This tangential force does not vanish when it is integrated over
the surface leading to a propulsion in the opposite direction of the (thermo-)osmotic flow. In the
following, a brief summary of self-phoretic swimmers is given. In the subsequent section of this
chapter, the microscopic origin of thermophoresis is represented.
The self-electrophoretic swimmer52, 53, 89 consists of a micrometer long rod of half gold half
platinum. At the platinum side the hydrogen peroxide is oxidized to generate protons in the solution
and electrons in the wire (H2O2 →2H++2e−+O2). The protons and electrons are then consumed
with the reduction of H2O2 on the gold part (2H++2e−+H2O2 →2H2O). The resulting ion flux
propels the swimmer with the platinum side ahead.53
Self-diffusiophoretic swimmers49–51 utilize as well as the above electro-phoretic swimmer the cat-
alytic reaction of H2O2 on platinum for their self-propulsion. Only the geometry is different, here the
particle consists of a micrometer sized polystyrene colloid with a thin (few ten nanometer) platinum
hemispheric. The catalytic reaction creates a concentration gradient across the particle surface,
leading to a diffusive flux proportional to the negative concentration gradient driving the particle
forward, even though this picture oversimplifies the details of the driving mechanism. Recently,
however the driving mechanism is believed to be dominated by electrophoretic contributions similar
as above but with a different reaction scheme.90
More interesting for this work are the self-thermophoretic swimmers.46–48 In contrast to the above
driving mechanism this process is a thermal non-equilibrium effect. Those particles, similar to the
self-diffusiophoretic swimmers, consist of a micron-sized polystyrene or silica bead with a metal
hemisphere, typically gold (except for the work of Baraban et al.,48 they used special magnetic
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materials). The metal cap can be either heated with laser light46, 47 or magnetically.48 Thereby,
the explicit driving mechanism is more complex since all material properties of the solute and
solvent, and especially the interaction of the particle surface and the solvent molecules are sensitive
to temperature variations. Additionally, some self-thermophoretic Janus particles rely on a local
demixing of a binary mixture at a specific temperature,47 creating a non-uniform concentration
gradient across the surface. This example illustrates that the phoretic driving mechanism cannot be
strictly distinguished. Typically multiple effects are responsible for the self-propulsion.
The particles used for this work are similar to those Jiang et al.46 used for their experiments. The only
difference is that here polystyrene colloids are used instead of silica beads. Moreover, the particles
are embedded in pure water. The non-uniform temperature profile is generated by plasmonic heating.
In the following sections the ability to absorb light, the temperature distribution across the particle
surface and the origin of the self-propulsion will be presented.
2.2 Particle motion in a liquid of non-uniform temperature
The motion of particles or molecules along a temperature profile is called thermophoretic motion
and was first observed by Ludwig,19 who noticed that concentrated salt solutions easily crystallize
around the cooled limb of an inverted U-tube. Soret20 independently described this effect over 20
years later and quantified the effect for many electrolyte solutions. Thus, this effect is now known for
about 150 years and has been observed in colloidal suspension,1–5 in nano-particle,6–9 polymer10–14
or micellar solutions,9, 15, 16 and for DNA17 or proteins.18
The velocity of transport u for each individual particle/molecule is proportional to the applied tem-
perature gradient ∇T :
u =−DT∇T. (2.24)
The proportionality constant DT is called the thermophoretic mobility or coefficient and is negative
for particles driven to the hot (thermophilic) and positive when driven to the cold (thermophobic). In






This coefficient summarizes all physical effects responsible for the motion of colloids/molecules
in the liquid of non-uniform temperature. So far, no complete picture exists, mainly caused by the
rather complex and wide reaching physics of non-equilibrium thermodynamics. Within this part of
this thesis the main results for DT of colloids in an external temperature gradient are summarized.
Especially the boundary layer approximation used for charged colloids is explained.
The last part investigates the motion of particles capable to generate their own non-uniform surface
temperature profile. Here, the main features of the motion are characterized and explained.
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2.2.1 Thermophoretic motion in an externally generated temperature profile
Whenever colloids or molecules are located in a liquid of non-uniform temperature, each individual
obstacle is driven with the velocity u =−DT∇T proportional to the local temperature gradient. Such
a motion leads to a thermo-diffusive mass flux JTD = cu. This mass flux gives rise to a non-uniform
concentration and thus a diffusive flux JD = −D∇c arises counteracting the thermo-diffusive flux
JTD.
J = JD +JTD =−D∇c− cDT∇T. (2.26)







Within this notation, D̃T becomes a ”true” diffusion coefficient and the gradient ∇T/T receives a
more physical meaning associated with the thermal force ∇lnT (∇T/T = ∇lnT ).
Assuming a temperature gradient directed along z and a vanishing net mass flow J this results in a





















Figure 2.4: Depicts the balance of the thermo-diffusive flux JTD proportional to the temperature gradient ∇T
and the diffusive flux JD arising from the concentration gradient caused by thermo-diffusion.
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ideal gas
By splitting cDT∇T into two parts:
− cDT∇T = cu′−µst∇Π, (2.30)
a relation between the kinetic coefficient DT and the properties of the solute and solvent can be
obtained.91 Π thereby is the osmotic pressure.
With u′ =−C∇T and Π = ckBT , the thermophoretic coefficient DT can be identified in the stationary
case J = 0 as:
DT = µstkB +C. (2.31)













In the absence of particle-solvent-interactions, C = 0, the Soret coefficient reduces to ST = 1/T . In
this case the suspended particles may be viewed as an ideal gas accumulating at cold regions. In most
colloidal suspensions the particle-solvent interactions are not negligible and thus C 6= 0. Typically
the second term exceeds the ideal gas term and is able to drive the particles towards warmer or colder











Figure 2.5: Illustrates the boundary layer approximation for a colloidal particle in an external temperature
gradient ∇T . On the particle surface an interaction layer of thickness B caused by the specific interaction of the
liquid and the particle occurs. Within the boundary layer a boundary velocity vB arises being constant beyond
B.
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The coefficient C can be derived by the boundary layer approximation. The approximation relies on
the idea that a colloid of radius R forms an interaction layer of thickness B. Within this boundary the
temperature dependent parameters vary slowly tangential to the surface, hence for each point on the
surface thermal equilibrium can be assumed. The following calculation is a purely hydrodynamic
approach assuming an incompressible liquid (∇ · v = 0) at low Reynolds numbers.
It is started with the stationary Stokes equation:
η∇
2v = ∇P− f, (2.33)
and defining local coordinates x and z attached to the surface as depicted in Fig. 2.5 are defined.
Within the boundary layer the perpendicular liquid velocity close to the surface vanishes, vz = 0, and
the parallel component reads in leading order:
vx = vx (z) . (2.34)













The tangential velocity is zero at the surface, vx|z=0 = 0, reflecting stick boundary conditions or, in
other words, the continuity at the surface. This velocity increases with z until it becomes constant at
length scales of the boundary B. Thus, the first integral disappears at the upper bound, dvx/dz|z=B = 0,













For a sphere with homogeneous surface the local gradient scales with the sine of θ and thus vB (θ) =
v0B sinθ. Here, v
0
B is the maximum slip velocity occurring at the mid-plane θ = π/2. The particle










In other words, a phoretic transport velocity uth occurs if the physical parameters vary along the
particle surface inducing a tangential force df on the area element dS. In a mesoscopic description,
the liquid then is subject to an opposite stress −df/dS.45
To derive the boundary velocity vB and later the transport velocity uth, the term fx−dP/dx is required
and can be readily written for charged colloids as presented below.
charged colloids
Most experiments on the thermophoresis of colloids have been performed in aqueous solutions.
Such colloids typically carry a surface charge density σ. Electrolytes available in the surrounding
liquid are attracted by the surface charges due to electrostatic interactions and are screening the
charged particle. This gives rise to a charged double layer fixed to each particle. The charged
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double layer here is identified as the interaction layer of length B = λDB. In the following, the
thermodiffusive coefficient DT is first obtained within the boundary layer approximation, assuming
the thickness of the charged layer to be significantly smaller than the particle radius λDB  R.
The latter is compared to the solution for λDB R, which occurs for weak electrolyte concentrations.
Regarding Poisson-Boltzmann’s mean field approximation the excess density of monovalent ions at











with n0 being the bulk salinity. It should be noted that n0 might depend on the spatial position, if e.g.
an external concentration profile is present. The charge density ρ carried by the double layer and the
excess density n then reads:
ρ = e(n+−n−) , n = n++n−. (2.40)








with lB = e2/4πεkBT being the Bjerrum length and ε the solvent permittivity.
In the following it is assumed that n± is valid at any point of the surface and is a function of z. In
x-direction the system is, however, out of equilibrium and the gradients of parameters such as T or
n0 are slowly varying across the particle surface. In this context the force f can be written as:
f = ρĒ0 +∇ ·T . (2.42)
The first term displays the coupling of the charges to the external field and the second term is the
divergence of the Maxwell tensor Ti j = εEiE j
(
1− 12 δi j
)
, that arises from the electric field E =−∇ψ.
With ρ = ∇ · εE and ∇×E = 0 the divergence of the Maxwell tensor reads:
∇ ·T =−ρ∇ψ− 1
2
E2∇ε. (2.43)
The divergence of the Maxwell tensor then comprises the electric force exerted by the particle on the
mobile ions and an electrostrictive term proportional to the permittivity gradient.
To obtain the remaining term in Eq. 2.37, the hydrostatic pressure gradient ∇P, it is reasonable to
assume that the excess ion density in the double layer increases the hydrostatic pressure by P = nkBT .
The hydrostatic pressure gradient ∇P varies rapidly in normal direction because of the screened
electrostatic potential ψ, but slowly along the particle surface due to non-uniform parameters. By



















the rapidly varying term ρ∇ψ has disappeared. The term ρψ+nkBT in Eq. 2.45 can be identified as
the enthalpy density of the double layer.29 Before the boundary velocity vB can be obtained using
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Eq. 2.37, the following considerations and calculations are necessary. Because of different material





with εs and εp being the dielectric constant of the solvent and the particle, respectively. Typically
εs εp, thus Ē0,x is by a factor of 3/2 enhanced with respect to the bulk value.29 Similar as for the








with κs and κp being the thermal conductivity of the solvent and the particle, respectively. Since
the thermal conductivities of most solvents and solutes are similar, κs ≈ κp, this modification can
typically be neglected. The electrostatic potential in leading orders of small parameters λDB/R is













with ζ being the surface potential. Using fx−∂xP given by Eq. 2.45 and dn0dx = ∇n0 sinθ, the parallel












































with σ being the number density of elementary charges and lB ≈ 7Å the Bjerrum length. The corre-






















The last term gives the velocity induced by an electric field E0 with the Helmholtz-Smoluchowski
mobility εζ/η. Neglecting all other terms not containing the temperature and assuming the velocity
u to be always opposite to ∇T yields ζ2− 3ζ2T > 0. The terms proportional to ζ2,ζ2T stem from ρψ
and nkBT . In the special case of highly charged particles, ζT ζ, the second term is thus negligible,
contrary to the Debye-Hückel approximation where ζT = 12 ζ.
So far, Eq. 2.53 contains terms proportional to the temperature gradient, permittivity gradient and the
salinity gradient in addition to the electrical field. At this point all these contributions have a rather
general fashion. All gradients, beside the temperature gradient, can also be present without the non-
uniform temperature profile. The salinity gradient, e.g., can be created by an external non-uniform
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electrolyte concentration within the sample. In the following, these gradients will be assumed to be
caused by the non-uniform temperature. The permittivity gradient is then defined to be proportional





















with Di being the Einstein coefficient and Q∗i the ionic heat of transport containing the flux due to
the normal diffusion, thermal diffusion and the current caused by an electrical field. A macroscopic
charge separation is prohibited by the huge electrostatic energy implying the relations:
∑
i
qini = 0, ∑
i
qiJi = 0. (2.57)
However. the ions still may accumulate at the sample boundaries forming a charged layer of about
one Debye length thickness. Within the sample the charge density vanishes and the electric field E0
is constant. Another possibility is an initial non-equilibrium salinity during relaxation.
By summing over all ion species and defining the reduced Soret coefficient α of the electrolyte solu-
















Typically the values for Q∗i are quite different
92 (e.g. Q∗i = 0.53kJ/Mol for Cl
− and Q∗i = 17.2kJ/Mol












Here, zi =±1 represents positive and negative ions.
For a binary electrolyte these relations reduce to α=α++α− and δα=α+−α−. With ψ0 =−δα kBTe





The macroscopic electric field implies an electrostatic potential difference or thermopotential
ψ0∆T/T between the hot and cold boundaries of the sample. Combining Eq. 2.54, Eq. 2.59 and
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The surface potential in most experimental systems takes values of a few kBT/e. Within this range
the term proportional to ζ2T is of minor importance,








The first term is proportional to the square of the surface potential and thus is always positive driving
the particle to the cold. The second term, however, includes the thermoelectric response of the
electrolyte solution and resembles the Helmholtz-Smoluchowski electrophoresis mobility εζ/η.43
Most colloids in aqueous solutions are negatively charged and thus ζ is typically negative, but ψ0 can
take both signs and is of similar magnitude. Thus, if the second term is large enough, the particle can
also migrate to the hot.8, 93
It should be noted that DT is size independent because the boundary velocity vB arises from the local
balance of the interfacial forces and the viscous stress and thus is insensitive to the particle radius.
In the case of a weak surface potential ζ < kBT/e, it holds ζT = 12 ζ and thus an additional factor of
1/4 arises in Eq. 2.64 in the first addend.
Hückel approximation – λDB R
In the presence of weak electrolytes the Debye length can reach hundreds of nanometers, thus for
particles smaller than the Debye length, the pressure gradient in the Stokes equation, Eq. 2.33, is









The Hückel limit relies on a wide spread of counterions and a smooth variation of the viscous stress
in the diffusive layer. Thus, the hydrodynamic equations reduce to the Stokes drag of a particle of













with τ = −(T/ε)dε/dT (τ ≈ 1.4 at room temperature29). Remarkable is that DT evaluated in the
Hückel limit (R λDB) is similar to the result of the boundary layer approximation (R λDB) in
Eq. 2.64.





and simplifies to ζ = Reσ/ε with the surface charge density eσ = q/4πR2 for R λDB.
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thermally driven depletion forces
Depletion forces can be observed in, e.g., solutions of colloid-polymer mixtures. A particle suspended
in a polymer solution of non-uniform concentration c will migrate towards regions of low dilution95
due to the excluded volume of a polymer coil with gyration radius Rg. The resulting transport velocity





When a temperature gradient is applied, the Soret motion of the polymer imposes such a non-uniform
concentration profile for the particle:4
∇lnc =−α∇lnT. (2.70)
dispersion forces
Simple liquids expand upon heating imposing a density gradient across the particle surface. Since
the van-der-Waals interaction dominates for particles suspended in simple liquids, a given volume
element is at the cold side stronger attracted by the particle than at the hot side. This results in a




Here, β is the solvent thermal expansivity, H the Hamaker constant of the solute-solvent interaction
and d0 a molecular length scale .
dependence of DT on temperature
Various experiments have shown that the temperature dependence of the Soret coefficient being the









This expression is negative for temperatures below T ∗ and positive above. Typically T ∗ amounts to
about 5K.3 As visible in Eq. 2.64, DT depends on the temperature, but this dependence cannot explain
the change of sign observed within the experiments. A possible reason which partly explains this be-
havior is the dependence of ST for binary electrolytes on ion size, salinity and temperature,96, 97 which
arises from a superposition of electrostatic interactions, thermal expansion and hydration effects.29
slip boundary conditions
The phoretic velocity u and thermophoretic mobility DT have been derived assuming stick boundary
conditions, vs|z=0 = 0. This, however, might not be the case for all experimental conditions.98 By
assuming that the liquid can slip along the surface with a velocity jump v0 proportional to the applied
shear stress Σ0:
ηv0 = bΣ0, (2.73)
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This equation is valid within the boundary layer approximation, λ R, and has been derived for the
Debye-Hückel approximation with ψ = ζexp(−z/λ) and ζT = 12 ζ.
excess enthalpy
Within the boundary layer approximation, R λDB, expressions for DT were presented for a charged
colloid, identifying the boundary layer λDB with the extension of the charged double layer. Most
colloids in aqueous solutions are charged and the screened Debye layer is the strongest contribution
to the thermophoresis of these particles. However, this picture can be generalized by assuming the
local solvent excess enthalpy h(z) within the boundary layer to be a result of specific interactions of











Due to different specific interactions, predictions for h(z) are in general challenging. However, the













thermostatic approach – local thermal equilibrium





or, in other words, the temperature difference is sufficiently small to assume the particle as isothermal.
Furthermore any boundary flows occurring on surfaces of slowly varying parameters are absent here.
By arbitrarily dividing the space into smaller regions or ”cells” that are assumed to be sufficiently
small to obtain local equilibrium, the ratio of the end concentration cN and start concentration c0 can
be obtained from local concentration ratios of neighboring chambers ci+1/ci. It can subsequently be













1−ST (Ti+1−Ti) , (2.79)









→ exp [−ST (TN−T0)] . (2.80)
This derivation illustrates how local thermal equilibrium assembles into a global exponential steady
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with G being the single particle free enthalpy or Gibbs energy. In this thermostatic approach the








With this result Eq. 2.80 can be rewritten into:
c
c0






In this context the particle is not driven by a surface flow but is rather driven in a ”thermal potential”
G(T )−G(T0). The main point of this derivation is the size-dependence of ST and DT. From Eq. 2.82






Since for a solid particle only the solvation energy at its surface can show a temperature dependence
and D ∝ 1/R, the thermophoretic coefficient DT has to scale linearly with the particle radius and thus
ST ∝ R2.1 The scaling of ST with the squared particle radius could be shown within an experiment on
polystyrene beads ranging from R = 20nm up to R = 1µm.1
This finding, however, is in clear contrast to the size independence DT found within the boundary
layer approximation. Additionally, several experimentalists support this size-independence by
their experiments.4, 28, 100, 101 This discrepancy and especially the question whether it is possible
to treat thermophoresis with thermostatic approaches or whether it is a purely non-equilibrium
phenomenon,27 is an ongoing debate in the literature.
This is, however, not an issue of this thesis. Especially such particles used for the experiments
presented below, that are able to create a non-uniform surface temperature by themselves cannot be
treated as isothermal as required for this derivation.
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2.2.2 Self-thermophoresis
Janus particles as depicted in Fig. 2.6 consist of a typically micrometer sized sphere, e.g polystyrene
or silica, and a metal hemisphere, e.g. gold with thickness ∆r commonly in order of a few tenths
of nanometers. Such particles are prepared by vacuum evaporation of a metal layer on the silica or
polystyrene colloids (see Sec. 3.2 for details). The metal hemisphere is utilized as the heat source by
plasmonic heating46, 47 or, as done by Baraban et al.,48 by magnetic heating. The heat is released into
the environment and creates a non-isothermal surface temperature profile. The metal hemisphere
being the heat source thereby is mostly isothermal as visible in Fig. 2.11 and discussed latter.
R
θ
Figure 2.6: Displays the main parameters describing the geometry of the Janus particle.
Along the non-isothermal surface a boundary flow is expected as described above for blank colloids
in an external gradient. By further assuming that the interaction layer is significantly smaller than the
particle radius, λ R, the boundary velocity can in principle be derived within the boundary layer
approximation. However, this would result in a more complicated expression since the temperature
gradient is more complex. The details of the origin of the flow can be summarized within a local
mobility factor µ(θ) connecting the local boundary velocity vB (θ) to the local surface temperature
gradient ∇||T (θ):
vB (θ) = µ(θ)∇||T (θ) . (2.85)
The form of the temperature profile is calculated in Sec. 2.3.2 and the mobility µ(θ) is assumed to
be constant but different for each hemisphere. Thus, The phoretic velocity u can be calculated by

















with S = Scol +Scap. Within the second equality the surface integral is split into the integral over the
surface of the colloid Scol and over the metal hemisphere Scap. The metal cap is mostly isothermal
due to its high thermal conductivity, e.g. gold with κau = 320W/(mK). Thus, the second addend
vanishes concluding that only the bare surface of the colloid contributes to the propulsion velocity
with half of its thermophoretic mobility:
u =−1
2
DcolT ∇||T , (2.87)
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with DT = 12 D
col
T and ∇||T being the averaged surface gradient. A similar derivation has been
made by Jiang et al.46(supplement) stating that the thermophoretic mobility of a Janus particle is
the average of the thermophoretic mobility of the cap DcapT and the colloid D
col









As observed in different experiments46–48 the direction of motion is according to the symmetry of
the temperature profile parallel, DT > 0, or anti-parallel, DT < 0, to the symmetry axis or particle’s
orientation no, as depicted in Fig. 2.6. Note that this motion is very similar for all self-phoretic
Janus particles such as diffusio-phoretic particles,49–51 which are driven by concentration gradients
at the surface caused by a catalytic reaction at a platinum hemisphere, or self-electrophoretic
swimmers.52, 53
Even though the velocity is proportional to the gradient of temperature or concentration, the
observation is that in some cases the particle either requires a minimum heating power47 to exhibit a
self-propelled motion or the velocity saturates for larger gradients,49 complicating the above picture.
The reason is typically related to the details of the driving mechanism that require in the case of the
swimmers used by Buttinoni et al.47 a demixing of a critical binary mixture (water-2,6-lutidine)
that occurs at a fixed temperature. This local demixing creates a concentration gradient across the
particle’s surface driving the particle forward. In the case of diffusio- phoretic swimmers used by
Howse et al.49 driven by catalytic reactions of H2O2 at the platinum hemisphere the velocity is
limited to the rate of simultaneous catalytic reactions.
The Janus particles deployed in this work rely on the same principle as used by Jiang et al.:46 a
laser heated gold hemisphere. The surface temperature gradient is proportional to the incident in-
tensity, ∇||T ∝ I0, and increases linearly with I0 within common temperature increments of up to 10K.
Since the direction of motion depends on the orientation, the rotational Brownian motion continu-
ously reorients the particle and also the direction of the propulsion. This behavior can be highlighted
by calculating the mean squared displacement (MSD) for a discrete time trace of the particle posi-










Here, 〈...〉i represents the average over all particle steps and δ is the so called time lag connected to

















with τR = 1/(2DR) being the rotational timescale of the particle. The first addend represents the
usual Brownian motion of the particle and the second addend describes the motion of the particle
in time. Thereby, the limit for short and long timescales is of special interest. For short timescales









∝ t2), which is a result of the directed propulsion. At long timescales the












∝ t) with the effective diffusion coefficient Deff = 4D + 2u2thτR as
displayed in Fig. 2.7A. In conclusion, a continuous heating leads to a directed motion of the particle
30 CHAPTER 2. THEORETICAL BACKGROUND
in space for timescales shorter than the rotational timescale of the particle. It is randomized on larger
timescales resulting in an enhanced diffusion coefficient of the particle. This randomization can
be overcome by using short heating pulses in dependence on the particle position and orientation
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Figure 2.7: (A) The mean squared displacement as a function of time t for different phoretic velocities uth. (B)
Shows the time dependence of the velocity auto-correlation and highlights the impact of a constant external
liquid velocity u2drift.
Eq. 2.89 gives an adequate picture of the dynamics of the particle and parameters like the velocity,
translational diffusion coefficient and the rotational timescale, which can be extracted out of exper-
imental time traces. This formula has, however, the disadvantage that the particle velocity is only
accessible via the product of uth and the rotational timescale τR being itself a fit parameter which,
in some cases, results in non-negligible uncertainties. This issue can be overcome if the particle’s
orientation can be determined additionally throughout the experiments. Then, the velocity can be ob-
tained for each particle by projecting the translational steps ri+1− ri of the particle on its orientation








Additionally, the rotational timescale can be calculated by the angular autocorrelation (AC):103









with φ being the particle orientation in the lab frame.
For particles or experimental conditions where the orientation is inaccessible, the velocity auto-
correlation function (VAC) can be calculated in addition to the MSD:
VAC(δ) = 〈vi+δvi〉i , vi =
1
∆t
(ri+1− ri) . (2.94)
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The analytical form can also be derived from Eq. 2.94 by assuming vi = uth (cosφi; sinφi) and using
Eq. 2.93. The VAC has several advantages in comparison to the MSD. First, the velocity and the
rotational timescale are fully independent throughout a fit. Second, any additional directed motion of
the particle caused by, e.g., shear flows due to a leaking sample will not influence the determination
of uth and τR since these effects result in an offset u2drift, as displayed in Fig. 2.7B.
2.3 Optical heating of gold capped Janus particles
The particles investigated within this thesis are able to efficiently convert the supplied electro-
magnetic energy into heat. This is released into the environment creating the non-uniform surface
temperature profile leading to the self-propulsion. Thus, this topic consists of 3 parts: (i) the ability
to absorb the incident light and the conversion into (ii) heat which is released into the environment
creating the non-uniform surface temperature profile, and the mechanism leading to the (iii) directed
self-propulsion. Except for the last aspect that has been discussed within Sec. 2.2.1, these topics are
presented here.
2.3.1 Interaction of light with metal nano-structures
When light interacts with an object the energy of the incident electro-magnetic wave is either
redistributed (scattered) or absorbed in dependence on the dielectric properties of the particle and
medium and the geometry of the object. The ability of the particle to interact with light is typically
quantified by the scattering cross-section σsca or absorption cross-section σabs, being the scattered or
absorbed power divided by the incident intensity. The transmitted intensity measured by a detector
is then attenuated by the scattering and absorption of the incident light by the particle. Typically it is
challenging to distinguish whether this attenuation is a result of the scattering or the absorption and
mostly the extinction cross-section, being the sum of both, σext = σsca +σabs, is measured.
Silica or polystyrene beads as often used for Janus particles are considered as transparent and thus
only scatter the incident light. Due to its complex-valued dielectric coefficient the gold hemisphere is
able to absorb a portion of the incident electro-magnetic energy. To estimate the resulting temperature
increase of the gold hemisphere upon laser heating a quantitative value for the absorption cross-
section is inevitable. But obtaining analytical solutions for the absorption or scattering cross-section
of complex geometries such as the gold hemisphere is challenging. Spherical metal particles as
also used within this work as local heat source are, however, easier to handle analytically. Thus,
this part of this thesis presents first results for spherical particles to draw some general conclusions
about the absorption and scattering and especially the size-dependence, which becomes relevant latter.
Afterwards, the literature on the absorption properties of Janus particles is reviewed. Additionally, an
analytical description for the Gaussian illumination as used to heat the Janus particle is given at the
end of this subsection.
quasi-static approximation – Rayleigh limit R λlaser
When the particle is sufficiently small, the electric field is constant over the entire particle but varies
in time. Thus the particle can be treated as a single dipole p = εmαE0 as depicted in Fig. 2.8 with the









Figure 2.8: Depicts the qualitative picture of a small metal colloid in an electric field with oscillating ampli-
tude. The electric field leads to a displacement of the mobile ion cloud relative to the particle and thus to a
polarization.





with R being the radius of the particle, ε0 the vacuum permittivity, ε(ω) = ε1 (ω)+ iε2 (ω) the dielec-
tric function of the colloid and εm the dielectric function of the surrounding medium. The interaction
cross-sections for such a particle can be obtained to:












[ε1 (ω)− εm]2 + ε2 (ω)2
[ε1 (ω)+2εm]
2 + ε2 (ω)
2 , (2.98)




with k = 2πnm/λlaser being the wave number of the incident light and nm the refractive index
of the medium. As visible in the denominator in Eq. 2.97 and Eq. 2.98, a resonance occurs if
ε1 (ω)+2εm = 0. For this ε1 has to be negative as it is possible for metals. With ε1 = 1−ω2p/ω2 for
a free-electron metal and ωp =
√
ne2/ε0me the resonance frequency is ωR = ωp/
√
3.
Fig. 2.9A displays the scattering, extinction and absorption cross-section in dependence on the wave-
length of the incident light for a gold sphere of radius R = 10nm embedded in water computed with
the open source software MiePlot.107 There are two features visible. First, the scattering of such a
small particle is negligible in comparison to the absorption and thus, the extinction is basically deter-
mined by the absorption scaling with σabs ∝ R3. Second, the plasmon resonance for gold is located at
530nm.
Mie theory
The Rayleigh regime relies on the assumption that the colloid can be treated as a dipole. For larger
colloids this postulation is unsustainable. To evaluate the cross-sections of arbitrary large colloids
embedded in a non-absorbing medium and illuminated by a plane wave, the electro-magnetic wave
equations resulting from the Maxwell equations for a spherical symmetric particle can be solved
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as described in detail in Ref. 108. These calculations were extended by Gouesbet et al.109 to
shaped beams, e.g. Gaussian beams within the so called Generalized Lorenz-Mie theory. A detailed

























































































Figure 2.9: Shows the absorption (red curve) σabs, scattering (blue curve) σsca and extinction (black dashed
line) σext cross-section in dependence on the wavelength of light for a gold colloid of radius (A) Rau = 10nm
and (B) Rau = 250nm, and (C) depicts their size-dependence.
In comparison to the Rayleigh regime, the scattering for large particles is not anymore negligible and
can be even larger than the absorption of the particle as visible in Fig. 2.9 obtained for an R = 250nm
gold colloid. Furthermore, no sharp resonances are visible.
Janus particles
The absorbency of the electro-magnetic energy of the incident light, quantified by the absorption
cross-section σabs, is typically challenging to measure or to calculate. By measuring the transmitted
intensity of light illuminating an absorber, it cannot be distinguished between losses due absorbance
or scattering. Thus, most techniques measuring rather the extinction than the absorbance as done by
the work of Liu et at.,110, 111 focusing on extinction spectra of metal half shells in dependence on
their thickness, or by Ye et al. investigating semi-shells of different shapes.112
In literature the authors whose are interested in the interaction of light with a metal cap typically
use numerical methods to directly solve the Maxwell equation with the help of FEM software
or by splitting the objects into dense dipoles.113 The absorption and scattering thereby display a
complex dependence on the shape and the incident wavelength.114 Moreover, they exhibit strong
field enhancement at the edges of the metal caps even capable to act as second harmonic generators
frequency doubling the incident light.115 Additionally, many authors reported that the interaction
with light depends strongly on the orientation of the metal cap with respect to the incident light116–118
that arises from the broken spherical symmetry.
size-dependence
Nevertheless, the general size-dependence of the absorption cross-section of the Janus particle is of
relevance for the discussion of the size-dependent efficiency in Sec. 4.3.4. As presented in Ref. 102,
two limits can be found for the absorbency of light by a particle. In dependence on the ability of light
to penetrate a metallic particle quantified by the skin depth δskin, either the particle’s whole volume
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V is able to absorb the incident intensity or only its surface A. This can be highlighted by calculating
the size-dependent absorption cross-section of gold colloids as depicted in Fig. 2.9C.
For gold at a wavelength of 532nm the skin depth is about δskin ≈ 45nm.119 For sizes below this
value Rau < δskin the absorption cross-section scales as σabs ∝ R3au as presented above and thus with
the volume. For particles larger than the skin depth, the electro-magnetic wave is not anymore
able to penetrate the whole gold colloid and only the surface absorbs a portion of the incident
light (σabs ∝ R2au). It should be noted that the gold colloid shows a strong absorbance at a specific
wavelength, called the plasmon resonance. This resonance is sensitive to the size and thus, for
a constant wavelength of the incident light, the absorption cross-section is additionally altered as
visible in Fig. 2.9C. The scattering cross-section of such a particle then scales quadratically with size
(σsca ∝ R2au) for Rau δskin or with its squared volume, σsca ∝ R6au for Rau δskin.
The metal cap of the Janus particle is assumed to be a homogeneous absorber with no particular










The effective absorbing volume can be approximated by replacing ∆r by the skin depth δ in
Eq. 2.100. Thus, considering a constant cap thickness ∆r or an effective absorption within a skin
layer given by the skin-depth δskin, the absorbing volume scales in leading order of ∆r with R2JP.
When the particle radius RJP becomes comparable to the cap thickness and tends to zero, the two
latter terms in Eq. 2.100 become important. The last term thereby resembles the volume of the cap
for a particle radius R = 0. The experimental situation of different particle radii and constant gold
cap thickness shall lead to Pabs ∝ R2JP, also for the case ∆r ≈ δskin.
A different scaling behavior is appearing if the cap thickness is constant relative to the particle radius,
i.e. ∆r/RJP = f , where f is a constant. In this case the absorbing volume, the absorption cross-section
and the absorbed power scale with R2JP as long as RJP > δ/ f . If the cap thickness decreases with the
particle radius and reaches values below the skin-depth (i.e. RJP < δ/ f ), the absorbing volume scales
with R3JP.
Gaussian beam
The light emitted from a common laser source such as the one used in this work may be described
best by the so called fundamental transverse mode, or TEM00 mode. This TEM00 mode is one of the







with E being the complex-valued field amplitude, ∇2⊥ = ∂
2/∂x2 +∂2/∂y2, and k = 2π/λlaser the wave
number.
The solution of this equation is the electric field amplitude (Eq. 2.102) with ω0 as the radius of the
beam at z = 0, the wavelength λlaser of the incident laser light and the electric field amplitude E0 at
r = 0;z = 0, which are the basic parameters to describe the beam. The direction of the propagation is
along the positive z axis and r is the transverse direction as illustrated in Fig. 2.10:
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Figure 2.10: Illustrates the main parameters describing the Gaussian beam.


















and zR = πw0/λlaser the Rayleigh range.
The intensity is the squared absolute value of the electric field amplitude divided by two times a factor




















with I0 being the incident intensity. For each z the intensity distribution becomes Gaussian in r




). In the experiments typically the incident power P0 is measured. Together
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2.3.2 Temperature profiles of optically heated gold colloids and Janus particles




−α∇2T = 0, (2.107)
with α = κ/cpρ being the thermal diffusivity consisting of the thermal capacity κ, the specific heat
capacity cp and the mass density ρ. The similarities to the diffusion equation, Eq. 2.2, should be
noted at this point. Within this section, first the temperature profile created by a colloid of radius R is
obtained analytically and then the temperature distribution for a Janus particle will be presented.
point-like heat source
To solve the equation for a constantly heated gold sphere of radius R embedded in water, one has to
solve the static limit of Eq. 2.107, the Poisson equation:
−κ∇2T (r) = Q(r) , (2.108)
with Q being the heat source density. To solve this problem, one may obtain first the solution for a
point heat source with Q(r) = Pδ(r), whereby δ represents the Dirac delta distribution:
−κ∇2T (r) = Pδ(r) . (2.109)
The fundamental solution for this equation reads in three dimensions: T (r) = 1/4πr. Here, T0 is the
ambient temperature or, in other words, the temperature at an infinite distance (T (r) r→∞→ T0). The





The time-dependent solution for the heating of a sphere of radius R, Eq. 2.108 reads:120








, ∆Tsurf = Tsurf−T0. (2.111)






→ 1) and assuming a constant heat





By combining this equation with Eq. 2.110 under the assumption that the heat flow out of an extended






Within the experiments presented in this thesis the gold colloid is heated by laser irradiation. Hence,
the power P can be identified with the absorbed power Pabs = I0σabs by the particle being the product
of the incident intensity I0 and the absorption cross-section σabs (see Sec. 2.3.1).
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Janus particle
The evaluation of T (r) of an arbitrarily shaped heat releasing structure is typically challenging but
luckily possible for a Janus particle consisting out of a sphere of thermal conductivity κp and radius
RJP, and a thin metal hemisphere of thickness ∆r (∆r RJP) having a thermal conductivity κc. Such a
solution has been readily obtained by Bickel et al.67 by assuming that the thermal conductivity of the





















This equation is valid for r > RJP. For r < RJP, (RJP/r)





























Figure 2.11: (A) Shows the 2D temperature map around a Janus particle and (B) its surface temperature profile.
Fig. 2.11A displays the 2D temperature map and Fig. 2.11B the corresponding surface temperature
profile. It is visible that the cap is mostly isothermal and the temperature drops on the uncoated side
to about half the temperature increment of the metal hemisphere. Note that the lowest temperature
on the uncoated side is still significantly higher than the ambient temperature.
As shown in the previous subsection the temperature increment ∆T in Eq. 2.114 is proportional to
the absorbed power, ∆T ∝ Pabs, and thus proportional to the absorption cross-section. The latter has
to be determined separately and depends typically on the orientation of the particle no relative to the
propagation of the incident laser beam k caused by the broken spherical symmetry of such a particle
(see Sec. 2.3.1).
By comparing the thermal diffusivity of water α = 0.143× 10−6 m2/s and the Einstein coefficient
D = 0.488×10−12 m2/s for a typical Janus particle of radius RJP = 500nm, it can be concluded that
heat transport is several orders of magnitude faster than the mass transport of the particle. Thus,
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3.1 Microscopy setup
Within this work, different aspects of the dynamics of self-thermophoretic swimmers and the
thermo-osmotic flows were investigated. This investigation ranges from basic fundamentals of
the origin of the phoretic motion up to full control of the motion of multiple active swimmers
simultaneously. To satisfy the experimental needs, a home-built setup was designed. It combines a


















Figure 3.1: Schematic layout of the experimental setup
The experimental setup is schematically displayed in Fig. 3.1. It can be split into an illumination
and a detection path, and two individual heating paths. The Janus particles were observed using
a darkfield illumination with an oil-immersion darkfield condenser (Olympus, NA 1.2-1.4). The
scattered light of the particle was collected using an oil-immersion objective (Olympus 100x,
adjustable NA 0.5-1.3). The numerical aperture of the microscope objective was set to be below
the minimum aperture of the darkfield condenser. The scattered light was imaged by an EM CCD
camera (Andor IXON). The total magnification of the microscopy setup was determined to 277,
which corresponds to 57.7nm/px. The obtained darkfield images can be analyzed in real-time
with a Labview program. The position of the particle and the orientation can be extracted in
real time for multiple Janus particles simultaneously. The heating of the particle can either be
done with a broad defocused and static illumination with a beam waist of typically ω0 ≈ 7µm
or with a steerable focused laser spot (ω0 = 0.5− 2µm). Both laser sources are operating at a
wavelength of about 532nm. The steerable focused excitation is thereby realized by an acousto-
optical modulator (AoD) which is controlled by a programmable analog digital converter (ADC)
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(Adwin Gold II – Jäger Computergesteuerte Messtechnik GmbH). The AoD thereby deflects the
incident beam when the control voltage is altered. This deflection is translated by imaging the beam
onto the back-focal plane of the objective into a parallel displacement of the beam in the focal plane
of the objective.121 The static illumination is used to generate a region of homogeneous heating
whereby the focused one is used to address single Janus particles individually.
3.1.1 Real time particle tracking
For the feedback capability of the setup, real time information of the position and orientation of
single or even multiple particles are inevitable. The determination of those information has to be as
simple as possible to be operable in real time on timescales of a few milliseconds but still sufficiently
accurate. In the following the particle tracking algorithm is explained and based on the position and
orientation of the particle different feedback rules were designed to perform certain tasks that are
summarized thereafter.
low threshold high threshold
Figure 3.2: Determination of the position and orientation of the Janus particle (false color image) by creating
two binary images in real time.
particle tracking: In most experiments isolated single particles, e.g. Janus particles, were
investigated. For these experiments the determination of the position is done as depicted in Fig. 3.2
by creating a binary image at a threshold above the background noise. The center of mass of this
image then determines the position of the particle. In combination with a binary image at a high
threshold, typically about 90% of the maximum intensity (position of the gold cap), the orientation
of the particle was calculated.122, 123
The determination for multiple particles is in fact done similarly, but beforehand the image containing
the multiple particles is split into sub-images containing only single particles. For multiple particle
that are in close contact and the scattering images start to overlap this method will fail to determine
the individual position of each particle.
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A more precise determination of the position and orientation would be achieved by image correlation
of either optimized patterns, e.g. disks or disk segments, or a map containing images of different
orientations of the Janus particle and the full image of each frame, as has been done in Ref. 124 for
defocused images of single molecules. In principle such a method can be applied in real time using
for example graphic cards or a FPGA, but this is, however, not realized within this work.
This information is then processed by the programmable analog digital converter to realize different
feedback rules. In general every imaginable feedback rule to introduce guidance, trapping or
interaction with others can be applied. Many of the experiments presented in this thesis rely on the
possibility to adjust the sample position as well as the laser intensity and/or position in real time. In
the following two of such feedback rules are presented briefly. The other feedback rules which were
used within this thesis are typically extensions of the feedback rule presented last.
keeping the particle within the region of interest (ROI): In many applications the particle would
either leave an observed area or move through an inhomogeneous intensity pattern as naturally ap-
pearing for Gaussian illuminations. To keep the particle within an area of constant laser intensity, the
piezo-position is adjusted corresponding to the actual particle position. For some of the experiments
presented in Sec. 4.3.4 the piezo position was adjusted every 50 Frames (≈ 250ms). The displace-
ment of the piezo-stage ∆rpiezo thereby is equal to the distance of the Janus particle rp to the center
of the ROI rcenter:
∆rpiezo = rp− rcenter. (3.1)
Afterwards the trajectory can be reconstructed by simply adding the position of the piezo to the
coordinates of the particle. The reason why the piezo position is not adjusted within each frame
is that the piezo requires about 15ms to reach the final position after changing the control voltage.
Within this timescale the position of the particle and the piezo are corrupted. Additionally, all frames
in which the piezo is moving were deleted or not analyzed. Otherwise the motion of the piezo would
be visible within the analysis of, i.e., the mean squared displacement or velocity auto-correlation
making the investigations more complicated.
photon nudging: Within this algorithm the position and orientation of one or multiple particles are
used to guide or trap individual particles inside the fluid cell. By comparing the particle’s orientation
φ relative to an arbitrary target rtarget, the programmable analog digital converter decides for a chosen
acceptance angle θ to switch the laser on or off. This part will be presented later (see Sec. 4.4) and
thus is only briefly broached here. The orientation φ relative to the target position is calculated as
follows:
φ = arcosno ·
rtarget− rp∣∣rtarget− rp∣∣ . (3.2)
In dependence on φ the laser is either turned on if the acceptance angle is fulfilled (φ < θ), leading to
a propulsion towards the target, or off if φ > θ. For multiple particles this calculation is done for each
individual particle and target position. If guidance is desirable, a series of target positions is chosen
and once the particle is located within a certain distance to the target, the next target is selected for
the photon nudging procedure.
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3.1.2 Piezo-stage
Since the piezo-stage is not only used to position the sample once in a while but is an irreplaceable
component within the feedback capability of the setup, a detailed look on the technical limitations
it imposes to the system is inevitable. For several experiments the piezo stage is used to displace
the sample to keep a moving particle in the center of the camera image and/or the center of the laser
illumination. For this two aspects are of interest. First, the time it takes until the piezo-stage reaches
its final position upon a certain displacement and second, its position accuracy and especially the
stability of the position with time.
The time until the piezo reaches its final position can be measured with the analog digital converter
(AdWin). It controls the piezo position via an analog voltage ranging from 0− 10V, which
corresponds to a piezo-position of 0− 100µm for x- and y-, and 0− 20µm for the z-position.
Additionally, the piezo-stage offers the possibility to read out the actual position measured by an
analog voltage provided by capacitive sensors within the piezo-stage. The following results have
been obtained by a stepwise change of the analog voltage controlling the piezo-position by a certain
value ranging from 0.005− 2V corresponding to a displacement of 0.05− 20µm. Then, the actual
position of the piezo has been measured as the difference ∆x of the actual to the adjusted position as





















































































































 σ  = 1mV ; ∆xmin = 0.3mV
Figure 3.3: (A) Piezo displacement over time for closed loop and (B) open loop after an applied control voltage
change ∆U . (C) Stability of the piezo position over time for a constant control voltage.
Fig. 3.3A displays this difference as a function of time. It is visible that the time needed (about
10ms) to reach the final position of the piezo-stage after an applied voltage change is independent of
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the displacement. Only for small displacements < 100nm this time is visibly smaller (see inset). It
should be noted that only the time until the final position is reached is of interest for the experiments
and not any kind of decay time. Typically, the time the piezo needs to displace the sample is caused
by the time it takes to accelerate and slow down the mass of the piezo itself and of the sample. This
is, however, not the reason for this long duration.
In all experiments the positioning of the piezo-stage is performed in a ”closed loop” configura-
tion. Thereby, the driver of the piezo-stage controls its position and ensures a linear response of
the adjusted voltage to the displacement of the sample and furthermore a stable and reciprocal
movement. This internal regulator can be deactivated and this measurement repeated. As visible
in Fig. 3.3B this leads to several effects. First of all, the time to reach the final position is signifi-
cantly reduced (about 2ms). The disadvantage is that the displacement scales not anymore linearly
with the control voltage and the piezo position shows strong oscillations over several ten milliseconds.
Within the experiment the motion of the piezo stage leads to the problem that the particle is blurred
within the image due to the motion of the piezo over several micrometers within one experimental
timescale. The simplest solution to avoid arising artifacts within the analysis of the particle trajectory
is to delete all frames in which the piezo was moving. Typically the position of the piezo according
to the particle’s position was adjusted every 250ms and the loss of statistics is negligible.
The second aspect is the position accuracy. Since the position is adjusted by a control voltage with
the help of the analog digital converter its voltage resolution determines the actual position accuracy
of the piezo. The ADC digitizes the output voltage (−10− 10V) with a 16bit resolution. Thus, the
smallest voltage steps are about 0.3mV which corresponds to a 3nm displacement. This is, however,
not the only limitation. The analog signal usually shows certain fluctuations. To quantify this, a
control voltage was set and the position of the piezo was measured. A typical time trace of the
difference of the actual position and the adjusted one is displayed in Fig. 3.3C. A scattering of the
data points around the zero line with a width of about 1mV is visible, thus the position accuracy
within our system is about 10nm.
3.1.3 Acousto optical deflector – AoD
The AoD is used to steer the focused laser beam freely within the fluid cell to address individual
particles or to locally heat certain structures. Since the AoD is controlled via an analog voltage,
a calibration is necessary to position the laser spot within the region of interest. For this purpose
a calibration routine has been designed as follows. First, a sample containing high concentrations
of fluorescent dyes is prepared to visualize the focused laser beam by fluorescence. Then, both
analog voltages (Ux,Uy) controlling the position of the laser spot are altered stepwise within a grid
of typically 50× 50 points. For each point the position of the laser spot is recorded similarly to the
particle position described above. This information is summarized in a matrix Ci jx and C
i j
y containing
the x-coordinate and the y-coordinates, respectively, of the laser spot in each grid point (i, j). The
analog voltages are stored in lists U ix and U
j
y . The reason why the position of the laser spot alters
in x and y when only, e.g., the x voltage is altered is mostly a tilt of the AoD by an angle φ with
respect to the camera image or even a misalignment of the AoD. Any non zero tilt will introduce a
deviation of the target laser position which becomes larger for higher x- or y-coordinates. A tilt of
1◦ would introduce a maximum deviation of 9px (515nm) assuming a resolution of 511px in x- and
y-direction.
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Rotating Ci jx and C
i j
y at first and averaging the values for a constant x-voltage for C
i j

































































Figure 3.4: (A) Analog voltage needed to achieve a certain position of the focused laser beam in the image.
(B) Laser intensity in dependence on Ux and Uy. (C) Stability of the laser spot for constant control voltages Ux
and Uy.
y-voltage for Ci jy , the tilt can be subtracted out and the matrices can be reduced to lists being only a















Now, Ĉix only depends on the x-voltage and Ĉ
j
y only depends on the y-voltage. In the experiment
the laser has to be steered in accordance with the particle’s position, thus an approximate function




is needed. For this purpose a polynomial of 10th order has been fitted to the
pairs of the laser positions and the analog voltages. The reason for fitting a high order polynomial to
those curves is the non-linearity of the laser position with the analog voltage as visible in Fig. 3.4A.
The coefficients are stored together with the tilt angle enabling us to calculate the analog voltage
according to the particle coordinates. It should be noted that the particle positions obtained by image













before the according voltage can be calculated.











































Figure 3.5: (A) Measured intensity of the focused laser as a function of the modulation voltage UM exemplarily
for 3 different positions of the laser beam (Ux,Uy) in addition to the Gaussian fit (red dashed line). (B–D) 2D
maps of the fit parameters Ai j, ωi j and U0i j as function of Ux and Uy.
Furthermore, the control of the AoD by analog signals has the disadvantage that the voltage is
typically disturbed by other analog sources, grounding issues, etc., leading to a fluctuating deflection
of the beam. The stability of the laser beam position has been tested by tracking the position over a
timescale of 6min. Deviations up to 20nm from the adjusted laser position are visible as shown in
Fig. 3.4C.
An additional challenge given by the AoD is that the laser intensity depends on Ux and Uy for a
constant modulation voltage UM1 and UM2, as depicted in Fig. 3.4B. For constant Ux and Uy, the laser
intensity depends for small modulation amplitudes linearly on UM1 and UM2. When UM1 or UM1 are
further increased the efficiency of the AoD exhibits a maximum at a certain modulation voltage (see
Ref. 125; page 808ff for details).
For most experiments which are presented in this thesis the AoD is adjusted and the modulation
voltage is fine-tuned to achieve a constant intensity pattern within a smaller region of interest
(see Fig. 3.4B). Nevertheless, a constant intensity that can be linearly modulated within the whole
observed area is desirable. To achieve this an advanced calibration scheme has been designed:
Firstly, the focused laser is steered stepwise within a grid as before, but for each grid point
additionally the modulation voltage is varied. For each modulation voltage the maximum laser


































Figure 3.6: (A) Shows the averaged measured laser intensity as a function of the adjusted intensity I. (B–F)
2D maps of the measured laser intensity in dependence on the position (x,y) for different adjusted intensities I.





is obtained. In the setup used for these experiments both modulation voltages
have been kept equal, UM = UM1 = UM2. The laser intensity then depends nonlinearly on UM for
a constant Ux and Uy as depicted in Fig. 3.5A and exhibits a maximum for a certain modulation
voltage U0M. The maximum intensity and U
0
M also depend on Ux and Uy.




for each pair of Ux,Uy, the data points Ii j (UM) have been fitted
with a Gaussian (see Fig. 3.5A, red dashed line):









By fitting Ii j (UM) with this Gaussian for each i, j, the fit parameters Ai j, ωi j and U0M,ij can be obtained
as depicted in Fig. 3.5B–D. Additionally, Âi j has been calculated by dividing Ai j by its minimum
(Âi j =Ai j/min(Ai j)). Each parameter is now fitted with a 2D polynomial of 10th order. The following










))ω(Ux,Uy)+U0M (Ux,Uy) . (3.7)
The intensity I in the above equation thereby denotes the desired laser intensity. Note that this
parameter ranges from I = 0 to I = 1, whereby I = 1 represents the maximum laser power.
To test the quality of this calibration, the laser has been steered stepwise within a grid of 20× 20
points for different normalized intensities I = 0.2,0.4,0.6,0.8,1. For each point the laser intensity
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has been obtained. Fig. 3.6A displays the average normalized laser intensity as a function of I. The
error bars represent the standard deviation of the laser intensity for each I. It is visible that the laser
intensity can now be scaled linearly (red dashed line) and with an error less than 10%. The relative
error becomes smaller for higher modulation voltages, which is caused by the rather bad agreement of
the Gaussian with the data points for small UM as visible in Fig. 3.5A. This deviation is not random
but correlated with Ux and Uy which can be seen in Fig. 3.6B–F. Each of these maps thereby was
normalized to the individual maximal measured intensity to visualize spatial heterogeneities.
3.1.4 Determination of the heating power
For most of the experiments presented within this thesis, the laser power used to heat certain particles
or structures is measured always at the same position within the microscopy setup. Its value is
measured for the focused illumination in front of the pellicle (thin beam splitter) marked with a ”P”
in Fig. 3.1 and for the wide field excitation within the beam expander. The reason that the power
for the wide field excitation is not measured in front of the pellicle too, is that the beam is typically
larger than the size of the detector used to estimate the laser power. The attenuation by each lens
and mirror (< 3%) till the beam traversed the pellicle should be smaller than 10%, and thus still
comparable to the laser power determined for the focused illumination.
While this value is suifficient to compare different results, for a quantitative determination of, for
example, the absorption cross-section of the Janus particle the exact amount of the laser intensity
that illuminates the particle is necessary. To quantify this, the attenuation of the laser beam after
passing all optical components can be approximated by measuring the power of the beam that exits
the objective Pt0 and comparing it to the incident power P0. The attenuation is the ratio of both values,
t = Pt0/P0. For the wide field excitation this can be performed easily, since the beam is parallel
after passing the objective with a small divergence that is minimized within the adjusting of the
illumination. The attenuation for the wide field excitation has been approximated to tWD ≈ 0.23.
The measurement for the focused illumination is more challenging due to the large divergence of
the beam. Its attenuation is by almost a factor of two larger, tF ≈ 0.13. Due to the large divergence
of the beam after passing the objective, parts of the beam might be not illuminate the detector and
additionally, the efficiency of the detector is highest for normal incidence. The stronger attenuation
of the beam within the focused illumination compared to the wide field one, can be attributed to the
overfilling of the objective’s back aperture, which on the one hand ensures a highly focused beam in
the sample but on the other hand additionally attenuates the beam.
piezo - stage
Figure 3.7: Schematic representation of the sample holder used to adjust the sample thickness in real time
while the experiment is performed.
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3.1.5 Sample holder
In most experiments a common sample holder was used to fix the samples described in the next
section. For some experiments like those in Sec. 4.1.5, the sample thickness is an experimental
parameter desired to be adjustable while the experiment is performed. For this purpose a sample
holder as depicted in Fig. 3.7 was designed. The functional principle relies on the idea of two
curved glass cover slips, where the upper slide is fixed in position and only the lower slide can be
moved relative to the upper one in vertical direction by the piezo-stage. The upper glass cover slip
is mounted on a movable arm to roughly adjust the vertical position with the help of a micrometer
screw. Then, the solution containing the particles is dropped onto the lower slide and then the upper
slide is positioned. Due to capillary forces the liquid remains in between.
3.2 Preparation of the Janus particles and the sample
preparation of the Janus particle
The Janus particles used in the experiments described in this thesis were prepared as follows: First,
standard glass cover slips (Menzel Gläser; BK7) were spilled with acetone, ethanol and distiled water
and further treated with an oxygen plasma for about 2min to make the glass surface hydrophilic.
Onto this cover slip 10µl of a polystyrene beads solution (microparticles Gmbh) were spin-coated at
8000rpm for 30s. For this purpose the concentration of the stock solution (about 10% solid content)
was sufficient. Afterwards, the cover slips were evaporated first with a chromium layer of about 5nm
thickness and thereafter with a gold layer of 50nm thickness by vacuum evaporation. The chromium
layer ensures adhesion of the gold on the glass surface. To remove the gold coated polystyrene beads
from the glass slips, they were put in a beaker, filled with distilled water and placed into an ultrasonic
bath for 20min. The desired concentration of the Janus particles was achieved by centrifugation.
sample preparation
For the experiments, the glass cover slips were cleaned similarly as above and also treated with an
oxygen plasma. A drop of the particle solution, typically about 0.3µl, was confined by two glass
slips in a sandwich like structure. To prevent evaporation of the of the particle solution the sample
was additionally sealed with a polydimethylsiloxane. The particle solution contains either only Janus
particles, a mixture of Janus particles and gold colloids or only gold colloids of two different sizes in
dependence on the details of the individual experiment. The gold colloids thereby were bought from
BBI Solutions.
For some experiments the surface of the glass cover slips was only treated with the oxygen plasma.
To prevent sticking of the particles to the surface of the substrate, the surface was additionally treated
with Pluronic F-127 (Sigma Aldrich). For this purpose, the glass cover slips were cleaned and treated
with the oxygen plasma and afterwards coated with Pluronic F-127 in a 5% aqueous solution for a
few hours. The Pluronic is adsorbed to the surface and the remaining molecules were removed by
spilling these slides with distilled water.
Pluronic F-127 In contrast to the charged glass cover slip, the Pluronic does not have any surface
charges and is thus uncharged. Pluronic is a commercially available block copolymer (Sigma Aldrich)
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consisting of two poly(ethylen oxide) blocks (POE) with a poly(propylen oxide) block (PPO) in the
center (PEO-PPO-PEO) of various block lengths. The polymer used for this studies, called Pluronic
F-127, thereby is one of the largest of such polymers available with a molecular weight of 12.6kDa
and the nominal formula EO100PO65EO100.126 The PPO block typically adsorbs to the glass surface
and the hydrophilic PEO blocks are building the interface with the water molecules.127 The specific
configuration thereby depends on the wettability of the surface.
3.3 Measurement of the temperature increment of gold colloids and Janus particles
Since the phoretic drift velocity of an object placed in an inhomogeneous temperature profile is
proportional to the temperature gradient on its surface (uth = −DT∇||T), the knowledge of the
absolute value of the local temperature increment is essential to estimate the particle’s thermophretic
diffusion coefficient DT.
In the following experiments the surface temperature gradient is not only generated by direct heating
of the Janus particle, but also induced externally by a local heat source, namely a gold colloid. This
part of the thesis thus aims to provide a method to quantify the temperature increment of both a Janus
particle and the gold colloid illuminated with laser light of intensity I0.
Both particles are able to absorb a portion of the incident intensity I0, quantified by the absorption
cross-section σabs. The absorbed power then is the product of both:
Pabs = I0σabs. (3.8)
It should be noted that in the experiments only the incident power P0 is measured. To calculate the
incident intensity, the intensity distribution of the illumination is obtained with the help of a sample
containing high concentrations of fluorescent dyes. By assuming a Gaussian intensity distribution the





with ω0 being the beam waist.
The resulting surface temperature increment ∆Tsurf for a spherical particle with radius R embedded in










Here, r is the distance from the heat source. Even though the temperature profile in the surrounding
of the Janus particle (see Eq. 2.114) has a more complex distance dependence, in the following only
the leading order is used, which is similar to Eq. 3.11.
Both particles are micron-sized or even smaller and thus, the temperature profile decays at the same
length scale as the particle size. Most approaches to measure the temperature locally rely on optical
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techniques measuring a temperature-dependent quantity. Many of these techniques are based on the
temperature-dependent emission intensity of fluorescent dyes,128 quantum dots,129 a combination
of both,130 nano diamonds131 or other materials.132 Disadvantages of such methods are usually the
non-linearity of the fluorescence signal with temperature, photo-bleaching, positioning of single
probes at the position of interest or simply the diffraction limit making it impossible to resolve
structures smaller than the wavelength of light. Other approaches focus on temperature-dependent
material parameters, e.g. refractive index of the medium,133 leading to a variation of the optical
path that can be visualized with the help of a modified Hartmann diffraction grating. This technique
requires, however, a detailed knowledge of the temperature-dependent refractive index of the medium
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Figure 3.8: (A) Principal shape of the temperature profile around a heated gold colloid. (B) Refractive index
of the liquid crystal as a function of the temperature.134
The method used here to determine the temperature increment is based on the phase transition of
the liquid crystal 5CB. This phase transition occurs at a temperature of about 35 ◦C.134, 135 Below
this temperature the liquid crystal is in the nematic phase. In this phase the elongated liquid crystal
molecules stack on each other and are ordered with a preferred direction (director). Above the phase
transition temperature this order vanishes and the liquid crystal then is in the isotropic phase.
Assuming a radially symmetric temperature profile as given by Eq. 3.11, an isotropic bubble around
the heated particle occurs whenever the local temperature exceeds the phase transition temperature




∝ ∆Tau ∝ I0, (3.12)
it becomes visible that the size of this bubble rpt increases linearly with increasing surface temper-
ature. The last proportionality arises from the fact that the temperature increment of the particle is
proportional to the incident intensity I0.
The rim of the isotropic phase becomes visible in a darkfield configuration due to the scattering at
the strong refractive index difference of this phase compared to the surrounding nematic phase, as
shown in Fig. 3.8B. By varying the heating power and thus the temperature around an absorbing
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object, the temperature profile can be mapped and the surface temperature obtained.
The sample used for these experiments differs from the typical sample preparation described in
Sec. 3.2 and should therefore be explained in detail. A solution containing the particles of inter-
est was spin-coated onto a plasma cleaned glass cover slip. On the other glass cover slip, 25µl of a
saturated PVA/water solution was spin-coated and afterwards this polymer coated surface was rubbed
with a cotton tissue. The rubbed surface ensures an alignment of the liquid crystal molecules. Both
glass cover slips enclose the liquid crystal (1µl) in a sandwich like structure.
3.3.1 Estimation of the gold colloid’s surface temperature
To determine the temperature increment of a gold colloid of radius Rau = 125nm in dependence on the
incident intensity, the gold colloid was illuminated with a focused laser beam of 515nm beam waist at
a wavelength of λlaser = 532nm. The incident power has been varied between P0 = 0 and P0 = 3.5mW
(corresponding incident intensity: I0 = 0−8.4mW/µm2). For each heating power darkfield images
for a total number of 5 particles have been recorded. Fig. 3.9A shows a representative sequence
of images obtained at different heating powers. The black circle indicates the size of the isotropic




































































~57 K/mW in LC
~14 K/mW in Water
Figure 3.9: (A) Darkfield images of the gold colloid embedded in 5CB at different heating powers. The
black circle indicates the obtained size of the isotropic bubble. (B) Temperature increment of the gold colloid
embedded in 5CB. The temperature increment in water is given by the ratio of the thermal conductivities of
water and the isotropic phase of the 5CB. (C) Thermal conductivity as a function of the temperature.135
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The ambient temperature T0 here is 23◦C. Thus, ∆Tsurf first has to overcome the phase transition
temperature before an isotropic bubble appears. It should be noted that this temperature is valid
while the gold colloid is embedded in the liquid crystal as depicted in Fig. 3.9B. The temperature
increment given by Eq. 3.10 is proportional to the inverse thermal conductivity at constant incident
intensity I0 and unchanged absorption cross-section σabs. The corresponding temperature increment
of the gold colloid surrounded by water can be calculated by comparing the thermal conductivities
of water κH2O and the liquid crystal within the isotropic phase κ5CB.
Fig. 3.9C shows the thermal conductivity of the liquid crystal as a function of the temperature.
It is visible that below the phase transition temperature, the thermal conductivity depends on the
direction with respect to the director of the nematic phase or, in other words, on the alignment of
the liquid crystal molecules. Above the phase transition temperature, however, the value is mostly
constant with κ5CB = 0.15W/mK. For simplicity the nematic phase is ignored since the major part
of the temperature profile is within the isotropic phase. The thermal conductivity of water is about
κH2O = 0.6W/mK and thus, the temperature increment of the gold particle would be by a factor of 4
smaller when embedded in water.
The corresponding temperature increment is displayed in Fig. 3.9B in addition to the increment in
liquid crystal. The red dashed line thereby displays a linear fit to the data that reveals the temperature
increment per heating power of ∆Tsurf/P0 ≈ 57K/mW (∆Tsurf/I0 ≈ 23.75Kµm2/mW) in liquid
crystal and ∆Tsurf/P0 ≈ 14K/mW (∆Tsurf/I0 ≈ 5.94Kµm2/mW) in water.
absorption cross-section
With the help of the extracted temperature increase per incident intensity ∆Tsurf/I0 and Eq. 3.10, the





Before this calculation is performed, two aspects should be discussed. The incident power is
measured in fact always at the same position within the setup, but the beam is attenuated by passing
the residual optical components like the beam splitter (pellicle: transmission 45/reflection 55),
dichroic mirror, lenses and the objective. Thus, the estimated heating power and the corresponding
incident intensity are good quantities in this work to compare the individual results, but are not
sufficient to give quantitative values in Eq. 3.14. By measuring the heating power at the usual
position P0 and the power of the beam after it has passed the objective Pt0, the transmission has been
estimated. This yielded Pt0/P0 ≈ 0.23 for the wide field excitation and Pt0/P0 ≈ 0.13 for the focused
illumination. As discussed in Sec. 3.1.4 both values should be taken as an upper and lower bound for
the transmission. The incident intensity in Eq. 3.14 has to be corrected by the same ratio.
The second aspect corresponds to the substrate the particle is located in. Eq. 3.14 is only valid
if the particle is embedded in a medium of isotropic thermal conductivity, which is in fact not
true here. The glass cover slip on which the particle is located has a significantly higher thermal
conductivity (κBK7 ≈ 1.14W/mK) than the isotropic phase of the surrounding liquid crystal
(κ5CB ≈ 0.15W/mK). Thus, the gold particle temperature increment is smaller when located at the
glass interface. This difference can be quantified by numerical calculations as depicted in Fig. 3.10.
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Figure 3.10: Temperature profile in the case
of a gold colloid embedded entirely in liquid
crystal (black curve) and located at the glass
cover slips (red curve). The gold colloid is lo-


























 without glass slide
 with glass slide
The ratio between the measured temperature increment ∆Tsurf and the corresponding temperature
increment when located at the boundary ∆T isosurf can be approximated to ∆T
iso
surf/∆Tsurf = 1.92.




≈ 46.5−82.3×10−15 m2. (3.15)
The theoretical estimate σMieabs ≈ 60.7× 10−15 m2 computed by the open source software MiePlot107
lies in the estimated range. This method introduces the possibility to measure absolute absorption
cross-sections of arbitrary heat releasing structures. For this, however, a more precise determination
of Pt is needed. At least the measurement of the relative absorption cross-sections for example
different Janus particle sizes at fixed P0 is possible. By reducing the temperature difference of the
phase transition temperature and the ambient temperature, the sensitivity of this method can be
increased and the power requirement reduced to perform this kind of experiment.
3.3.2 Temperature increment of a Janus particle
It is quite straightforward to use this technique to determine the temperature increment of the Janus
particle when illuminated with the laser spot. Thus, the experiment has been repeated similarly to the
one described above. Only the ambient temperature in this part was significantly higher and amounts
to T0 ≈ 26◦C. Since the spatial extension of the Janus particle RJP = 500nm is comparable to the
beam waist of the laser spot used to heat the gold colloid, this laser has been enlarged up to a beam
waist of 1µm to ensure a homogeneous illumination of the particle.
The Janus particle can easily be identified by the strongly scattering gold cap as visible in Fig. 3.11A.
Again the black circle indicates the measured size of the isotropic bubble. Its size is depicted in
Fig. 3.11B as a function of the incident heating power and the incident intensity, respectively, in
addition to the corresponding temperature increment in liquid crystal and water.
A linear increase of the temperature increment with the incident intensity is visible within the
investigated temperature range. Higher temperatures are, however, not possible since the polystyrene
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Figure 3.11: (A) Darkfield images of the Janus particle embedded in 5CB for different heating powers. The
black circle indicates the obtained size of the isotropic bubble. (B) Size of the isotropic bubble and temperature
increment of the Janus particle embedded in 5CB. The temperature increment in water is given by the ratio of
the thermal conductivities of water and the isotropic phase of the 5CB.
bead gets damaged. The temperature increment per heating power amounts to ∆Tsurf/P0 ≈ 20K/mW
(∆Tsurf/I0 ≈ 24Kµm2/mW) in liquid crystal and ∆Tsurf/P0 ≈ 5K/mW (∆Tsurf/I0 ≈ 6Kµm2/mW)
in water. These numbers were obtained from a linear fit of the data points.
The temperature increment per incident intensity of about ∆Tsurf/I0 ≈ 6Kµm2/mW is comparable to
∆Tsurf/I0 ≈ 5.94Kµm2/mW of the gold colloid and thus, the absorption cross-section is similar to
the Rau = 125nm gold colloid. As explained in Sec. 2.3.1 the absorption cross-section of the Janus
particle strongly depends on its orientation relative to the incident laser beam. Thus, this value should
be taken as an average. Typically, the Janus particles are heated with a large defocused laser spot to
ensure a constant intensity in the area the particle is actively driven, e.g. in the photon nudging
measurement. There the beam waist of the defocused laser was about ω0 ≈ 8.5µm. As visible in
Fig. 4.31 the RJP = 500nm Janus particle achieves a phoretic velocity of uth ≈ 20µm/s at an incident
intensity of I0 ≈ 1.6mW/µm2. This corresponds to a temperature increase of less than 10K.
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3.3.3 Summary and outlook
Within this section, the temperature increment of a gold colloid (Rau = 125nm) and a Janus
particle of radius RJP = 500nm illuminated by a laser beam has been estimated. The tempera-
ture increment for these particles embedded in water is ∆Tsurf/I0 ≈ 5.9Kµm2/mW for the gold
colloid and ∆Tsurf/I0 ≈ 6Kµm2/mW for the Janus particle. With the help of these results and
the obtained transmission of the optical parts (It0/I0 ≈ 0.13− 0.23) the absorption cross-section
σabs ≈ 46.5− 82.3× 10−15 m2 for the gold colloid could be estimated, which coincides well with
the theoretical prediction σMieabs ≈ 60.7× 10−15 m2. Since the temperature increments per incident
intensity of the gold colloid and the Janus particle are similar, it can be concluded that the absorption
cross-section is also similar for both.
The quality of the estimated absorption cross-sections can be improved by a careful measurement
of the transmission of all optical parts to estimate the laser intensity that actually is incident on the
particle. An additional control of the ambient temperature of the fluid cell would increase the sensi-
tivity of the measurement greatly by reducing the temperature difference between the ambient and the
phase transition temperature. This would enable to achieve similar sizes of the isotropic bubble with




58 CHAPTER 4. RESULTS AND DISCUSSION
Within this part of this monograph the main results on the thermo-osmotic flow fields are presented.
Non-uniform temperature profiles along any kind of interface are resulting in a boundary or
effective slip flow proportional to the local surface temperature gradient. Such thermo-osmotic flow
fields are able to drive particles at low Reynolds numbers in a directed manner or lead to interaction
between multiple particles. In order to quantify such effects this section is split into 5 different topics:
First, the natural occurrence of the thermo-osmotic flow, present at any boundary of non-uniform
temperature, and the resulting flow pattern in the bulk is measured and quantified. By means of
the experimentally obtained flow pattern, numerical calculations and analytical theory, the phoretic
properties of two fundamentally different substrate properties are compared. Bare or untreated glass
cover slips exhibit surface charges leading to a formation of a charged double layer in aqueous
solutions. In contrast, the treatment with the uncharged block copolymer Pluronic F-127 still creates
an interactions layer which is governed by specific interaction of the polymer and the water molecules.
The second part focuses on the flow pattern created by an actively driven Janus particle in its
vicinity. It explores how the form of the flow profile and the particle velocity is altered by the
presence of the thermo-osmotic substrate flow as well as the confinement. This part finally
reveals the impact of the thermo-osmotic substrate flow upon the linear velocity of a self-driven
Janus particle. Beside the aspect of the thermo-osmotic substrate flow, the knowledge of the
created flow pattern is fundamental for the understanding of the coherent and collective motion of
actively driven Janus particles. This synergizes well with the results that will be presented in Sec. 4.5.
Followed by this, the basic properties of self-propelled Janus particles, like the absorption and heat
generation, are presented in addition to a brief summary of the main dynamics of the particle’s
motion. Furthermore, it focuses on the size-dependence of the transport velocity uth, the absorption
cross-section σabs and the surface temperature gradient. This is supported by experimental results
to finally derive the propulsion efficiency of the conversion of the supplied electro-magnetic energy
into the directed motion.
The subsequent part of this chapter named ”photon nudging”122, 123 investigates the possibility to
gain control of self-phoretic particles, to trap or guide them on individual paths inside a fluid cell.
Such control is realized by clever algorithms exploiting thermal fluctuations leading to the continuous
reorientation of the particle, instead of applying external forces to overcome their Brownian motion.
This might appear at first glance counterintuitive, but opens quite interesting opportunities to
utilize the Brownian fluctuations to achieve a directed motion. This real-time feedback algorithm
is furthermore extended to directly manipulate the orientation of special V-shaped particles, or to
imprint arbitrary interactions between particles.
Profiting from the ability to manipulate the motion of Janus particles the first step towards the
quantitative understanding of how actively driven particles interact on the single particle level can
be performed. In this work a sub-aspect is highlighted, namely the interaction mediated by the
temperature profile an actively driven Janus particle creates in its surrounding. The focus thereby
is set on the induced alignment or polarization of the particles in the external temperature profile,
in addition to the repulsive motion of the Janus particle in radial direction. With the help of the
knowledge of the absolute temperature increment obtained in Sec. 3.3.1 the mobility coefficients of
the particle can be quantified.
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4.1 Thermo-osmotic flow
Particles surrounded by a liquid of non-uniform temperature are driven either to the cold or hot (see
Sec. 2.2.1). This phenomenon is often explained by a thermo-osmotic flow at the surface of the
particle thats exhibits a non-uniform temperature, characterized by the local boundary velocity vB
as depicted in Fig. 4.1. This flow occurs in a boundary layer of size λ and depends on very specific
interactions of the surface with the liquid and the solutes. Such interactions can be, for example,
electrostatic interactions of surface charges and ions available in the liquid. Here, the interaction
layer can be identified as the Debye layer. But also uncharged polymers covering the interface can
exhibit an interaction layer that is defined by the interplay of each polymer with the liquid molecules.





Figure 4.1: Occurring boundary flow on a charged surface (left) and a polymer coated surface (right) with the
interaction length λ.
The subject of this section is to investigate the occurring thermo-osmotic flow on a non-isothermal
substrate by experiments and numerical calculations. For this purpose the following study starts
with a brief summary of the origin of the thermo-osmotic flow in addition to a description of the
experiments designed to investigate the flow experimentally. This is followed by a simple analytical
model describing this flow in a thin sample geometry to give a first impression of the basic properties
of the flow pattern. Afterwards, the experimental results are presented, visualizing and quantifying
the thermo-osmotic flow in a fluid cell of thickness H = 5µm in the presence of a laser-heated gold
colloid of size Rau = 125nm, creating a radially symmetric temperature profile in its surrounding.
These results are supported by additional numerical calculations. Especially the difference between
the bare charged surface and the uncharged Pluronic coated substrate will be examined and compared
to literature values. Based on these results further experiments and numerical calculations are
presented, focusing on the impact of the thermo-osmotic flow on a colloidal particle in close contact
to both confining cover slips (2R≈ H).
4.1.1 Osmotic flows
Whenever a non-isothermal surface is present, a creep flow in the boundary layer with thickness λ
on the liquid/solid interface occurs. Beyond this boundary layer, the velocity is constant defining the
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Here, h is the excess specific enthalpy, which is maximum at the interface and vanishes beyond
the boundary layer. The second equality relates vB to the temperature gradient ∇T and the surface
mobility µ. In the case of a charged double layer, λ can be identified as the Debye screening length









with ε being the permittivity and ζ the surface potential. For a non-constant temperature gradient the








Note that the slip velocity in this case always points along the temperature gradient.
So far, this picture is true for a charged surface. The Pluronic treated surface is, however, uncharged
since the polymer itself does not have any surface charges. Pluronic is a commercially available
block copolymer (Sigma Aldrich) consisting of two poly(ethylen oxide)-blocks (POE) with a
poly(propylen oxide)-block (PPO) in the center (PEO-PPO-PEO). This polymer is available with
various block lengths or molecular weights. The polymer used for this study called Pluronic F-127
thereby is one of the largest of such polymers available at a molecular weight of 12.6kDa with the
nominal formula EO100PO65EO100.126 The PPO-block typically adsorbs to the glass surface and
the hydrophilic PEO-blocks then are creating the interface with the water molecules.127 Thus no
charged double layer is expected. Since this polymer only adsorbs to the interface, it is assumed that
the binding energy is sufficiently large and the adsorption kinetics can be neglected. In this case,
the excess enthalpy and the effective slip velocity are determined by the interaction of the polymer
(POE) and the water interface and are hidden in the mobility µ connecting the temperature gradient
and the slip velocity (see Eq. 4.1).
4.1.2 Experimental realization
To verify and quantify such a flow, an experiment has been designed as sketched in Fig. 4.2A. The
fluid cell consists of two glass cover slips containing the water film in a sandwich structure. A gold
colloid (Rau = 125nm) was used as a local heat source to generate the temperature gradient along
the glass/water interface. A focused laser beam (λlaser = 532nm; ω0 = 0.515nm) was used to first
immobilize the colloid at the upper slide by the radiation pressure of the beam and afterwards to heat
the gold colloid with an incident power of P0 = 5mW. The wavelength was chosen to match the
plasmonic properties of the gold colloid. When the particle is heated, the absorbed energy dissipates
into the environment and a static temperature profile arises in its surrounding, as depicted in Fig. 4.2B.
It scales with the reciprocal distance to the heat source:







with T0 being the ambient temperature, Rau the radius of the gold colloid and Pabs = I0σabs the
power absorbed by the colloid, which is the product of the incident intensity I0 and the absorption
cross-section σabs. With the experiments performed in Sec. 3.3.1, the surface temperature of the gold
colloid can be estimated to: ∆Tau ≈ 80K. The temperature profile at the glass/water interface thereby
is of particular interest. The form and distance dependence of the temperature profile at the upper
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Figure 4.2: (A) Principle design of the experiment. (B) Temperature map around a heated gold colloid with
the surface temperature ∆Tau = 80K. (C) Temperature profile at the top (black curve) and the bottom (red
curve) glass cover slip in dependence on the radial distance to the heat source.
boundary coincides well with the analytical expression given by Eq. 4.4. For small distances this
dependency is only slightly perturbed, which is caused by the spatial extension of the heat source
(see Fig. 4.2C). On the other boundary, the temperature profile is a projection of the spherically
symmetric temperature distribution around the heated gold colloid onto the flat surface, and thus
differs from this simple expression. The temperature map displayed in Fig. 4.2B and the temperature
profiles shown in Fig. 4.2C were obtained by numerical calculations and rescaled according to
the surface temperature of the gold colloid, which has been obtained in Sec. 3.3. This numerical
calculation will be introduced in the subsequent subsection.





The following analytical derivation has been performed by Alois Würger in Ref. 136. The thermo-
osmotic velocity is now proportional to the gradient along the cover slip. Due to the radial symmetry
of the heat source, the velocity profile w(r,z) has azimuthal symmetry and thus only depends on
the radial and vertical coordinates r and z. To make this more rigorous, we write down the boundary
conditions on the upper and lower glass plates, wR (r,H) = vB and wR (r,0) = v′B, with the slip velocity
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with H being the sample thickness. This is a simplification of the temperature profile discussed above.
The radial component of w(r,z) reads:









Figure 4.3: Displays the flow pattern in a thin sample cell of H = 5µm given by the analytical Eq. 4.7 and
Eq. 4.9. The red curve highlights the parabolic form of wR in z.







When assuming a vanishing divergence (divw(r,z) = 0), one gets wZ =
∫




ẑ vB− (1− ẑ)v′B
]
+O(r−3). (4.9)
Assuming the direction of the slip flow pointing in the direction of the gradient (µ > 0), the cross-
section of the flow should look as indicated in Fig. 4.3. At both cover slips a radially symmetric flow
towards the heat source is present, but visibly larger at the top slide. In the center of the liquid cell
the backflow is visibly pointing away from the heat source, leading to a parabolic velocity field as
visualized by the thick red curve.
4.1.3 Numerical calculation of the thermo-osmotic flow field
This simple analytical model is only valid for sufficiently large distances r H, but it outlines the
form and spatial dependencies of the flow field. For distances close to the heat source (r < H), as
relevant in the experiments, this simple model fails to represent the flow pattern adequately. Thus,
to predict and compare the flow pattern to the experimental flow field at short distances, numerical
calculations (Comsol 4.2) have been performed. The geometry for the simulation is designed as
sketched in Fig. 4.4. The azimuthal symmetry of the problem allows to use a 2D geometry with
a rotational axis (red dashed line), which simplifies the simulation significantly. The gold colloid
is placed at the upper slide similar to the experimental scenario and the liquid is enclosed by two
4.1 Thermo-osmotic flow 63
glass cover slips. The thickness of each glass cover slip is set to 75µm to avoid any disorders of
the temperature profile due to conditions at the outer boundaries. For the same reason the extension
in radial direction is also set to 75µm. At the outer boundaries the temperature is fixed to 300K.
The numerical calculation has been performed for a sample thickness of 250nm, similar to the
diameter of the gold colloids illustrating a symmetric velocity pattern and a thickness of about 5µm










Figure 4.4: Sketch of the liquid cell used for the simulation of the velocity field. Due to the azimuthal
symmetry, the problem can be reduced to the radial and vertical coordinate. This symmetry is realized in the
simulation by considering a rotationally symmetric geometry consisting of a 2D geometry in addition to a
symmetry axis (red dashed line). The 2D geometry consists of two glass cover slips confining the liquid in a
sandwich structure. The gold colloid is placed at the upper glass/water interface. The outer boundary of the
liquid was set to an open boundary.
First, the temperature profile around the heated gold colloid was obtained in the simulation. For this
purpose the static heat equation was solved numerically:
κ∇
2T =−QV, (4.10)
with κ being the thermal conductivity and QV the heat source density. The heat source density for
the gold colloid was set to an arbitrary value and the temperature profile was rescaled according
to the experimentally obtained temperature (see Sec. 3.3.1 for details). This is possible because
the temperature scales linearly with QV. Based on this temperature profile, the flow pattern was
evaluated with the following boundary conditions. At the upper and lower glass/water interface a
creep flow proportional to the local temperature gradient was assumed as given by Eq. 4.1. The outer
boundary of the liquid was set to an open boundary enabling the liquid to vanish or to appear.
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Figure 4.5: (A) Flow pattern for a thin sample, H = 250nm, and (B) for a thick sample, H = 5µm. The
velocity was rescaled according to the experimentally obtained values. (C) Comparison of the vertical line
profiles of the radial velocity wr at different distances for the thin (red curve) and thick (blue curve) sample
The corresponding velocity pattern for the thin sample is displayed in Fig. 4.5A and for the thick
sample in Fig. 4.5B. The main difference between both is the form of the flow pattern. The thin
sample geometry results in a symmetric flow pattern which is caused by similar boundary velocities
on both interfaces. If the sample thickness is increased, the boundary velocity on the lower slide v′B
decreases leading to an asymmetric flow pattern. For the thin sample the velocity profile is parabolic
with z for all distances, as given by Eq. 4.7, except for very close distances. The radial flow of the
thick sample becomes parabolic for distances larger than the sample thicknesses (r H), as visible
in Fig. 4.5C. To recover this pattern with the analytical expressions, higher orders would be necessary.
Both solutions will be used in the following. The numerical calculation of the thick sample is com-
pared to the following experimental results to provide quantitative values for µ. Afterwards, the flow
pattern of the thin sample will be used to discuss the impact on colloidal particles of similar sizes as
the sample thickness.
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4.1.4 Experimentally obtained flow pattern
To visualize the flow field, Rau = 75nm sized gold tracers were used. Because of the high thermal
conductivity of gold (κau = 419W/mK κH2O = 0.6W/mK), the surface temperature gradient is
suppressed.137 Thus, thermophoresis of the tracer particles in the non-isothermal liquid around the
heat source is not expected. For the experiments with the modified glass surface, the glass cover slips
were functionalized with Pluronic F-127 before (see Sec. 3.2 for details). In addition, an experiment














Figure 4.6: Number of tracer particles with a
certain maximum intensity. The red color indi-
cates the selected particles located at the upper
glass cover slip and the blue color represent
particles located within the sample.
To obtain the thermo-osmotic flow, the positions of the tracers were determined by single parti-
cle tracking as described in Sec. 3.1.1. Additionally, the scattering intensity used as a measure
for the vertical position of the tracers was obtained. Since the translational Brownian motion
(D75nm = 3.25µm2/s) of the tracers within each exposure time τexp = 15ms (average diffusive step
d =
√
2D75nmτexp = 310nm) is not negligible, the particle’s velocity and position is averaged over
this distance. Thus, a rough estimate of the main parts of the velocity field can be made. The objective
was positioned to focus on the immobile gold colloid. All tracers in the same focal plane as the heat
source appear brightest and particles located deeper within the sample are darker. The particle steps
were separated by their initial scattering intensity into two parts as depicted in Fig. 4.6. The intensity
range 450−500counts/px was left out to avoid cross talk between those two regimes. To obtain the
velocity field w the position ri and the displacement ∆ri have been determined. The particle displace-
ment is the distance to the closest particle in the following frame when no other particle can be found
within one micrometer range. This condition is used to avoid crosstalk of multiple particles. The
particle displacement consists of a random diffusive step ∆riD and a directed displacement caused by
the local velocity ∆riV within the experimental timescale:
∆ri = ∆riD +∆r
i
V. (4.11)
Further, the particle displacements ∆ri were divided into subregions by their initial position ri. By




i = 0) and
the average tracer velocity:
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is obtained, where 〈...〉i denotes the ensemble average. The detailed intensity range was adjusted to
maximize the tracer velocity in each part and distinguish between the creep flow at the surface and
the back flow within the sample.
The results are displayed in Fig. 4.7. It shows the two-dimensional position-resolved velocity field
around the heated gold colloid (center of the image) for 2 different depths within the sample. The
color-scale represents the absolute value of the tracer velocity and the arrows display the average
direction within each bin. The left image shows the thermo-osmotic flow field at the upper glass
cover slip and the right image the velocity field within the sample displaying the backflow. Both
velocity fields are presenting a flow field which is radially symmetric with respect to the heat source.
The maximum velocity is located close to the heat source and decays with the distance. Within this
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Figure 4.7: Displays the 2D velocity field obtained by gold tracers (Rau = 75nm) in close proximity to a
radially symmetric heat source (center of the image). The color scale indicates the absolute value of the
velocity and the arrows represent the direction of the average motion within each bin. This velocity field has
been obtained on a Pluronic F-127 treated glass cover slip (top) and on bare glass as a reference measurement
(bottom). In case of the Pluronic-treated glass cover slips, a flow at the surface of the glass cover slips and
a flow in the center can be distinguished. Both flows are radially symmetric, but are pointing in the opposite
direction with respect to the heat source. On the bare glass cover slip no flow is visible.
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To quantify this thermo-osmotic flow, the radial velocity as a function of the radial distance to
the heat source was obtained and is displayed in Fig. 4.8A. The red curve corresponds to the
velocity field at the upper Pluronic-treated glass cover slip at which the heat source is located.
A negative velocity thereby indicates a flow towards the heat source. The blue curve represents
the back flow of the liquid and has only positive velocities which clearly indicate a flow away
from the heat source. The black curve displays the phoretic velocity on the untreated glass. All
curves scale with the reciprocal squared distance (green curve) for distances larger than r = 2µm,
as expected from Eq. 4.5. Additionally, the temperature profile at the upper water/glass interface
is shown. Due to its 1/r-dependence, the temperature vanishes rather fast and at radial distances
larger than 1µm the temperature increment is less than 10K. These velocity profiles are compared
to the numerical simulation displayed in Fig. 4.8B. It displays a 2D velocity map of the radial
velocity wR for a H = 5µm thick sample in dependence on the coordinates r and z. Due to
the mentioned translational Brownian motion of the tracers of about 300nm in each direction,
within the experimental timescale, the observed radial velocity is averaged over600nm at the
minimum in vertical direction. Such an averaging reduces the observed velocities significantly.
To be able to compare the numerically obtained flow pattern to the experimentally obtained one,
this vertical averaging has to be considered as well. The creep flow was obtained by averaging
the numerically obtained flow profile over 600nm in vertical direction (z = 50nm− 650nm) and
the backflow by averaging over the vertical range z = 1000nm− 2000nm. It is assumed that
particles located further away from the top slide will not be visible in the movies and therefore
do not contribute to the velocity field. The numerical estimate is displayed in Fig. 4.8A (dashed lines)
By comparing the experimental results for the radial velocity wR on the Pluronic coated surface
to the numerical results under consideration of the vertical averaging, the boundary velocity close
to the gold colloid (see Fig. 4.8A dashed lines) can be estimated to v0B ≈ 300µm/s. Assuming a
temperature increment of the gold colloid of 80K and using a radius of Rau = 125nm, the phoretic
mobility can be calculated using Eq. 4.5 yielding µPl = 4.4µm2/(sK). Since the interaction of the
Pluronic/water interface is mainly given by the interaction of the poly(ethylene oxide)-groups with
the water molecules, the value of µ can be related to the surface mobility of the PEG-molecules. This
value fits nicely to numbers found in literature for Soret measurements in aqueous solutions of PEG:
µ = 3µm2/(sK) at 18◦C to µ = 6.3µm2/(sK) at 38◦C.138 Moreover, µ exhibits a non-monotonous
dependence on the molecular weight of PEG and varies in the range from µ = 4µm2/(sK) up to
µ = 5.7µm2/(sK) at 25◦C.12
The phoretic mobility on the bare glass surface can be calculated by comparing the maximum veloc-
ities of the creep flow at the upper boundary. The velocity at the uncoated surface is by a factor of
about 14 smaller than on the Pluronic coated surface, thus the mobility is assumed to be smaller by
the same ratio (µGl ≈ 0.3µm2/(sK)). The slip velocity for a charged surface with a charged double







with a zeta potential of ζ ≈ 30mV, a viscosity of η = 0.0009Pas and a constant permittivity of
ε = 80.35× εr. The mobility can be estimated to µGl ≈ 0.3µm2/(sK), which agrees well with the
experimental value.
To estimate the flow in vertical direction, the difference of the scattering intensity between two
frames was determined. The time average of this difference is displayed in Fig. 4.8C. The heated
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Figure 4.8: (A) Displays the radial velocity as a function of the radial distance to the heat source. In case
of the Pluronic-treated cover slips a distinction into the slip flow at the surface (red curve) and the back flow
(blue curve) within the sample can be made. On the bare glass surface only a significantly weaker flow can
be identified (black curve). A negative velocity denotes a flow towards the heat source. These curves are
compared to the results of the numerical simulation (dashed curves) as an average over a certain vertical range.
The corresponding surface temperature profile in dependence on the distance (purple curve) is displayed in ad-
dition. (B) A 2D radial velocity map obtained from simulations. The velocities were rescaled according to the
experimental results. (C) Indicates the vertical velocity profile by displaying the position-resolved scattering
intensity change between two sequential frames. The blue color denotes a low scattering intensity of the tracer
in the second frame, which can be interpreted as a flow in vertical direction away from the heat source. The
red color indicates a flow toward the upper glass cover slip. In addition, the velocity field at the upper slide is
overlayed by the arrows. (D) Vertical velocity wZ in dependence on the radial distance to the heat source in
comparison to the numerical estimate.
gold colloid is located again in the center of the image. Blue colors thereby represent a decreased
intensity in the subsequent frame and thus a motion downwards away from the gold colloid. It should
be noted that the focused laser, which is used for heating the immobile gold colloid, pushes the tracer
particles upwards. Since the opposite effect is observed, it can be concluded that the thermo-osmotic
flow in vertical direction does not only compensate the radiation pressure of the focused laser, but is
significantly stronger. The red color, however, shows the opposite trend. In this case the particle is
on average pushed towards the upper boundary.
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In Fig. 4.8C the flow field at the upper slide is additionally overlayed to highlight the effect
of the vertical flow upon the radial velocity. Close to the heat source the particles are pushed
downwards. To obtain absolute values for the flow in vertical direction, the rescaled flow pattern
is used. The experimentally obtained curve is rescaled to overlap with the numerical simulation.
The vertical velocity obtained by the numerical simulation thereby is an average over 2µm in
vertical direction. The amplitude of the vertical velocity is about −5µm/s close to the heat source,
about 2µm/s at a distance of 2µm and vanishes to zero for larger distances, as displayed in Fig. 4.8D.
For small distances the deviation between the numerical estimate and the experimentally obtained
value is quite large. The vertical flow is expected to be also of several hundred µm/s (see Fig. 4.5B).
The observation of such low velocities is caused by the mentioned radiation pressure of the incident
laser beam upon the tracer particles, which pushes the tracer particles upwards. The velocity vpr
caused by the radiation pressure can be obtained from the force Fpr acting on the particle and the





The force Fpr is the sum of all forces acting on the particle:
Fpr = Fabsez +Fscaez +Fgrad = Fextez +Fgrad, (4.15)
with Fabs and Fsca being the force acting on the tracer particle caused by the absorption and the
scattering of incident light, respectively. These two forces can be summarized within the extinction
force Fext = I0σext/c with σext = σabs +σsca. The extinction cross-section can be calculated with the
open source software MiePlot107 for a plane wave and is σext = 0.077µm2. The gradient force is
proportional to the gradient of the laser intensity and is zero at the focal plane. Thus, to approximate
vpr, it is sufficient to calculate the extinction force Fext. With an incident intensity of It0 ≈ 2mW/µm2,
the velocity of the tracer caused by the radiation pressure amounts to vpr ≈ 400µm/s. It should be
noted that this velocity is achieved directly in the focus of the laser beam and decreases when the
particle is offset to the beam axis in radial direction or moved in vertical direction.
4.1.5 Impact of the thermo-osmotic flow on the motion of a colloidal particle
So far, the existence of the thermo-osmotic flow on substrates, which exhibit a non-uniform
temperature has been discussed. Sufficiently small particles, which are small compared to the spatial
variations of the flow pattern, as presented above, will follow the stream lines of the flow, resembling
the flow pattern. For larger particles this behavior might alter. Within this part the influence on test
particles will be investigated in dependence on the ratio of the particle size to the sample thickness.
The aim of this part is to quantify the influence of the thermo-osmotic flow under similar conditions,
as for the experiments presented later in Sec. 4.5.
The experiment is designed as follows. Again an Rau = 125nm gold colloid is immobilized at the
upper glass cover slip and heated with a focused laser beam (λlaser = 532nm, ω0 = 515nm) at differ-
ent powers, ranging from P0 = 0mW up to P0 = 3.75mW (incident intensity up to I0 = 9mW/µm2).
This corresponds to a temperature increase of the gold colloid of about ∆Tau = 60K at maximum
heating power. The surface of the glass cover slips was treated with Pluronic F-127 and Rps = 150nm
large polystyrene beads were used as test particles. The sample thickness can be varied with the help
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of a specially prepared sample holder as described in Sec. 3.1.5.
In contrast to the gold tracers, the polystyrene beads are known to exhibit a thermophoretic motion
in an externally applied temperature profile.1, 5, 8, 28–30 The external temperature profile induces a
temperature gradient at the surface of the particles resulting in an effective slip flow driving the
particles parallel to the gradient. Due to the rotational symmetry of the system this velocity will point
in radial direction er:
uth (r) =−DT∇T (r) , (4.16)
with DT being the thermo-diffusive coefficient. For a charged particle this coefficient is typically
positive, DT > 0 (see Sec. 2.2.1) and the particle tends to migrate away from the heat source. In a
colloidal solution of concentration c0 such a motion leads to a concentration loss at the heat source,
causing a diffusive flux towards the heat source trying to equalize the concentration profile. In terms
of fluxes this can be written as:
J(r) =−c(r)DT∇T (r)+D∇c(r) . (4.17)
Again, due to the radial symmetry, each flux will have only radial components. The first addend is the
thermophoretic flux and the second the diffusive one. In the stationary limit both fluxes compensate,
resulting in a vanishing net flux, J = 0, leading to a differential equation with the following solution
for the stationary concentration profile:
c(r) = c0 exp(−ST∆T (r)) . (4.18)
Here, the Soret coefficient ST = DT/D is the ratio of the thermo-diffusive coefficient DT to the
translational diffusion coefficient D. In dependence on the sign of ST, the radially symmetric heat
source either leads to a lowered concentration or to an excess concentration at the heat source in
comparison to the ambient concentration c0, . In our case (ST > 0), the first scenario is expected.
This behavior will now be altered by the thermo-osmotic flow. Due to the fact that the thermo-
osmotic flow pattern exhibits an azimuthal symmetry and the thermophoretic motion, as discussed,
has spherical symmetry, both flows add up in a non-trivial way. Here, however, only the two
extreme cases are discussed. In the first case, the sample thickness is significantly larger than the
diameter of the test particles, H  2Rps. In this case two limits exist: either the thermophoresis
of the test particle dominates if ST is large enough so that the particle’s thermophoresis is able
to overcome the local flow velocity, and hence, uth (r)  w(r,z), or the test particles resemble
the thermo-osmotic flow pattern. In the case of the thin sample where the particle diameter is
similar to the sample thickness (H ≈ 2Rps), the motion of the polystyrene colloids is harder to predict
since the spatial extension of the polystyrene colloids covers the whole flow field in vertical direction.
In the experiment the concentration profile c(r) will be obtained by accumulating the scattering
intensity for each pixel. The idea is that each particle scatters the incident darkfield illumination
and appears as a diffraction-limited spot. It is assumed that this scattering intensity is similar for
all test particles and adds linearly. This spatially integrated intensity is further used as a measure
for the local concentration of the test particles around the heat source. For each configuration and
heating power a movie is obtained. Then, the intensity is accumulated and normalized to the ambient
accumulated intensity for each pixel. The ambient intensity can be obtained for zero heating power.
After applying a certain heating power, about 5min had to be waited till the concentration profile
has become stationary. The immobile gold colloid appears as the brightest spot in the image and the
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Figure 4.9: Displays the 2D concentration maps for the thin sample, H ≈ 2Rps (top) and the thick sample,
H  2Rps (bottom) around the heated gold colloid at Rau = 125nm (center of each image), in addition to the
radial concentration profiles (middle) in dependence on the incident heating power P0.
concentration profile is then only valid for distances larger than 2µm.
The accumulated images displaying the 2D concentration map are shown in Fig. 4.9 for the thin (top)
and thick sample (bottom), in addition to the radial concentration profiles. In the case of the thick
sample a loss of concentration around the heated gold colloid (center of the image) is visible. Its size
increases with the heating power. The dependence of the radial average for 0.75mW nicely fits the
theoretical prediction in Eq. 4.18 with ST = 2.8K−1 and ∆Tau = 12K (black dashed line). Assuming
a translational diffusion coefficient of D0 = 1.47µm2/s the thermophoretic diffusion coefficient is
DT = 3.9µm2/(sK). This is larger than found in literature, DT ≈ 1µm2/(sK),28 and should be
taken with care, since for all other heating powers, the theoretical estimate and the experimentally
obtained radial concentration profiles differ from each other. A possible reason for this deviation
at the higher powers is the temperature sensitivity of the phoretic mobility of charged colloids in
electrolyte solutions.139 As presented in Ref. 139 the Soret coefficient can even double when the
temperature is increased by 20K. This temperature sensitivity alters the distance dependence of the
phoretic velocity of the polystyrene colloids with distance to the heat source.
When the sample thickness is decreased to the size of the polystyrene bead (H ≈ 2Rps), the thermo-
phobic particles appear as thermophilic. Since neither the liquid, the sample nor the particles have


























Figure 4.10: (A) Obtained velocity profile in the plane containing the gold colloid and the polystyrene bead.
(B) Viscous stress nx · ε and the hydrodynamic pressure nx p on the surface of the polystyrene bead. The
thickness of the liquid film is H = 320nm.
been replaced, this effect can only be assigned to the different configuration of the thermo-osmotic
flow field and particle diameter. A quantitative fit with equation Eq. 4.18 is, however, not possible,
since the accumulated intensity appears to be not directly proportional to the particle concentration,
which becomes visible for the highest heating power. There, an intensity drop at about 2µm followed
by a maximum at 3.5µm is visible. This can be related to different scattering properties of highly
packed polystyrene beads, as they appear directly at the heat source, in comparison to loose clusters
further away.
A sufficiently small tracer is carried by the external liquid flow even though its presence alters the
flow locally. A large particle, as in this case, alters the surrounding flow field significantly in its
magnitude and direction across the particle due to the additional boundary conditions. These effects
are challenging to address analytically. For this purpose numerical simulations have been carried out
to understand the influence of the presence of the tracer on the themo-osmotic flow pattern and vice
versa.
4.1 Thermo-osmotic flow 73
The numerical study, which was performed here, is similar to the study described within this section,
but with some differences. Firstly, this simulation has been performed fully in 3D and secondly,
only the hydrodynamical flow is calculated excluding the computation of the temperature profile.
This simplification is necessary to increase the mesh density to accurately reproduce the flow field at
length scales smaller than 10nm correctly. The boundary velocity at the upper and lower boundary





Further, stick boundary conditions were assumed for the polystyrene colloid, thus no additional
phoretic flow on the polystyrene exists. The numerical study only aims to understand the impact
of the thermo-osmotic flow upon the particle, without considering the thermophoresis of the
particle. The results can be interpreted by pure hydrodynamic arguments assuming a boundary flow
at the substrate.
The geometry for the numerical calculation is designed as follows. The gold particle (Rau = 125nm)
is placed at the origin and the polystyrene sphere (Rps = 150nm) is placed in-plane, but with a
displacement of 500nm in x-direction. The sample thickness has been varied between H = 300nm
and H = 500nm. Both particles are located in the center of the sample, regardless of the sample
thickness. For each configuration the velocity profile has been evaluated. An example profile of the
velocity pattern in the x-z-plane for H = 320nm is displayed in Fig. 4.10A. The distortion of the
velocity pattern is clearly visible by the presence of the polystyrene bead. Here, the influence on the



















Figure 4.11: Total force acting on the particle
caused by the thermo-osmotic flow in the thin-
chamber in dependence of the sample thick-
ness H and H/2Rps, respectively. In addition
the forces arising by the hydrodynamic pres-
sure (blue dashed line) and the viscous stress
(red dashed line) are displayed.
The impact of the thermo-osmotic substrate flow on the polystyrene colloid can be quantified by the
force acting on the particle surface caused by the local shear stress and the hydrodynamic pressure.








with I being the unity second order tensor and f the force density. The first term in this equation
is the hydrodynamic pressure and the second the viscous stress tensor ε = (∇u + (∇u)T ). The
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x-component of nx · ε and nx p is displayed in Fig. 4.10B. The strongest impact in terms of the shear
stress happens on the poles of the particle. There, the strong creep flow affects the particle the most.
In the middle of the particle the back flow acts in the opposite direction visibly weaker, but over a
larger area. The hydrodynamic pressure changes its sign along the x-direction and is slightly larger
on the side facing the heat source.
The total force or drag force F acting on the particle can be evaluated by integrating Eq. 4.20 over the
particle surface: ∫∫




n · εdS =−F, (4.21)
with T being the total stress tensor. The x-component of this force Fx is displayed in Fig. 4.11.
The force in the other two directions is zero since this configuration is symmetric in y and z. An
asymmetric scenario, e.g., displacing the polystyrene bead in z-direction, is discussed below. It is
clearly visible that the sign of the force Fx (black line) changes when the thickness of the sample is
about H = 340nm, which corresponds to 1.15 times the particle diameter. A negative force would
thereby pull the particle towards the heat source as observed in the experiments and a positive force in
the opposite direction. The mobility of the substrate used for the slip flow (see Eq. 4.19) was chosen
to be µ = 5µm2/(sK) and is thus comparable to the value obtained by the previous experiments for
the Pluronic-coated glass cover slip µPL = 4.4µm2/(sK) (see Sec. 4.1.4). The absolute value of Fx
should thereby reflect realistic values.
Figure 4.12: Displays the force arising in x-,
y- and z-direction in dependence on the dis-
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The dependence of the viscous stress nx · ε and the hydrodynamic pressure nx p on the sample thick-
ness is similar, but with different signs. To avoid misunderstandings, it should be pointed out that
within the calculation in Eq. 4.21 the hydrodynamic pressure and the total force enters with a minus
sign. Thereby, nx p points in the same direction as F and nx · ε in the opposite direction. To highlight
this, Eq. 4.21 has been rewritten into:
Fx = Px−Ex, (4.22)
with Px =
∫∫
nx pdS and Ex =
∫∫
nx · εdS. The viscous stress Ex, however, starts positive implying
a force driving the particle towards the heat source. The change of sign thereby can be explained by
imagining that the substrate interface is further away form the particle’s surface and thus the back
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flow surrounds the particle. The hydrodynamic pressure acts slightly different on the particle. Except
for the thinnest sample, the hydrodynamic pressure pushes the particle away from the heat source.
The reason for this is simply that the highest pressure in x-direction arises at the point where the back
flow is located. For the thinnest sample, the impact of the flow field becomes prominent because
the creep flow is not able to pass through the particle and the substrate anymore. This increases the
pressure significantly pushing the particle towards the heat source. In general, the presence of the
polystyrene bead will alter the temperature profile at the solid/water interface, which might alter the
results for the thinnest sample. Furthermore, the interaction layer responsible for the slip flow might
be perturbed as well.
So far, the position of the colloid was fixed in the center of the fluid cell and only the thickness
H was varied. The last part in this section investigates the forces acting on the particle when
the particle is displaced in vertical direction. For this purpose the calculation has been repeated
and rearranged as follows. The colloid located at a radial distance of x = 0.5µm in a liquid of
H = 550nm thickness was displaced in vertical direction between ∆z = −100nm and ∆z = 100nm.
For each position, Fx, Fy and Fz have been calculated. The results are displayed in Fig. 4.12. It
is visible that the force in x-direction (black curve) becomes maximal when the particle is located
in the center of the fluid cell. When the particle is displaced in vertical direction it comes closer
to the creep flow at the glass/water interface, which adds a force component pointing towards the
heat source. Since this configuration is still symmetric along the y-direction, Fy is zero for all
displacements. The force in z-direction Fz reveals a quite interesting behavior. When displaced
to the negative direction ∆z < 0, the force Fz becomes positive pushing the particle back to the
center, and vice versa for a displacement to the positive z-direction. Moreover, Fz increases
linearly with displacement but with opposite sign (Fz ∝ −∆z) in the range investigated here. In
conclusion, the particles favor to position in the center of the fluid if a symmetric configuration of the
thermo-osmotic flow is present. It should be mentioned that in the case the particle is displaced in
vertical direction a rotational motion of the particle is expected. The reason for this is simply that the
particle is surrounded by a liquid flow, which points in opposite directions across the particles surface.
4.1.6 Summary and outlook
Section 4.1 presented various results on the topic of thermo-osmotic flows at solid/liquid interfaces
of non-uniform temperature. The non-uniform temperature thereby is created by plasmonic heating
of an immobile gold colloid with Rau = 125nm. Along this radially symmetric temperature profile a
boundary flow at the solid/liquid interface occurs, leading to a specific flow pattern in the fluid cell
in combination with hydrodynamic boundary conditions. The presented results can be split into two
parts.
The first part of this section investigated this flow pattern by tracing small gold particles (Rau = 75nm)
and calculating the flow pattern from their trajectories. The measurement thereby has been performed
on bare and Pluronic F-127 treated glass cover slips. In contrast to bare glass cover slips, which
are typically negatively charged when in contact with aqueous solution, the Pluronic layer creates
a hydrophilic uncharged surface. These results were compared to analytical expressions as well as
numerical calculations. By comparing the numerical and experimental results, the phoretic mobility
of the substrates could be extracted and amounts to µPl ≈ 4.4µm2/(sK) for the Pluronic coated
surface and µGl ≈ 0.3µm2/(sK) for the bare glass surface.
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Within the second part the impact of the thermo-osmotic flow on particles of sizes being similar
to the thickness of the fluid cell (H ≈ 2R) has been examined. The thermo-osmotic flow has been
achieved, by plasmonic heating of an immobile gold colloid with Rau = 125nm. Additionally, the
sample thickness could be varied in real-time within the measurement. By using Rps = 150nm
polystyrene beads two limits could be found. Within the first limit of a thick sample, H  2Rps,
the polystyrene beads undergo common thermophoresis in the external temperature profile leading
to a thermophobic motion. It should be noted that the thermophoresis here is sufficiently strong
to dominate. For weaker thermophoretic motion the polystyrene beads would trace the velocity
field similar as the gold tracers within the first part of this section. When the sample thickness is
decreased to the diameter of the particle, H ≈ 2Rps, the second limit is achieved. Here the motion
of the particles is fully dominated by the thermo-osmotic flow leading to an accumulation of the
polystyrene beads at the heat source. The particles appear as thermophilic.
These results are supported by additional numerical calculations quantifying the impact of the arising
thermo-osmotic flow upon the tracer colloids in dependence on the ratio of the sample thickness
to the particle diameter H/2Rps. Thereby, for H/2Rps < 1.15, the thermo-osmotic flow leads to an
attraction of particles towards the heat source and in the case of H/2Rps > 1.15 repulsion prevails.
The thermophoresis of the polystyrene colloids was, however, not included into these calculations. In
conclusion, the presence of the thermo-osmotic flow is able to strongly influence the particle motion
and by varying the sample thickness by a few nanometers, it is possible to switch from attraction to
repulsion. This opens up the possibility to apply switchable interactions between phoretically driven
particles simply mediated by thermo-osmotic flows on the substrate.
These experiments have shown that even a small local temperature increments might lead to a
measurable flow of colloids, or even molecules that trace such a thermo-osmotic flow pattern.
For example a temperature increment of ∆T ≈ 1K is sufficient to create a boundary velocity of
v0s ≈ 4µm/s on a Pluronic coated surface. Small temperature fluctuations are present in many appli-
cations like experiments in biological systems and might lead to non-negligible flows. Nevertheless
such temperature increments and corresponding flows are neglected in general.
time
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Figure 4.13: Time evolution of the accumulation of polystyrene beads around a self-thermophoretically driven
Janus particle. The sizes of the Janus particle and the polystyrene beads are equal and similar to the sample
thickness of H = 1µm. The last image thereby displays the break up of the accumulated polystyrene beads
when the laser heating is turned off.
Beside this broad impact on many experiments carried out on surfaces of non-uniform temperature,
thermo-osmotic flows can be utilized to manipulate objects. Especially in the field of collective
motion of self-propelled particles it can be used to manipulate the interaction between these particles
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by carefully adjusting the sample thickness and the phoretic mobility of the substrate or the particles.
First preliminary experiments could be performed using self-thermophoretic Janus particles as mobile
heat sources and polystyrene tracers of similar size as the liquid film. In case the Janus particle is
unheated, both the polystyrene colloids and the Janus particle undergo Brownian motion. In case
the Janus particle is heated, the polystyrene beads are immediately attracted by the Janus particle as
visible in Fig. 4.13. This figure displays the time evolution of the accumulation of polystyrene beads
in a crystalline structure around the self-thermophoretically driven Janus particle. The Janus particle
thereby can still be able to propel itself in a directed manner but its motion is hindered. After turning
off the laser heating the attraction vanishes.
4.2 Flow pattern of a self-propelled Janus particle
Actively driven objects, such as living matter or artificial swimmers, unusually swim unbound
in the bulk, but rather are located at boundaries,86, 140–146 near obstacles,147, 148 or close to other
actively driven objects.51, 54–57, 149, 150 When such self-driven objects approach a surface, obstacle
or even other swimmers, they can interact by simply volume exclusion, electro-static interactions,
hydrodynamics or thermal fluctuations. Artificial swimmers driven by surface flows such as various
have been proposed in the last decade, like self-photophoretic,46, 47, 151 self-diffusiophoretic49–51 or
self-electrophoretic52, 53 swimmers create non-uniform temperature ψ(r) = T (r)67 or concentration
profiles ψ(r) = c(r)70 in their surrounding, depending on the detailed propulsion mechanism in their
close proximity. These non-uniform profiles contribute to the interaction in addition to those named
before.
The contribution of the non-uniform profiles are discussed in Sec. 4.5 and Sec. 4.1. It has been
shown that not only such a non-uniform profile can directly alter the motion of other passing
particles. It can also be indirectly altered through flows arising at boundaries that are exposed to
these non-uniform profiles. At this point, however, the hydrodynamic flow pattern created by a
self-driven Janus particle itself is of interest. To describe and predict the interaction of such particles
with their surrounding the detailed knowledge of the flow pattern is important. So far, only numerical
and analytical calculations exist,67–69 but no experimental measurements are found in the literature.
In this section the flow pattern of a Janus particle is for the first time investigated experimentally and
especially the dependence on the sample thickness (confinement) is addressed. The Janus particle
of radius RJP = 500nm thereby is immobilized at the substrate and the flow field has been obtained
with the help of gold tracers (Rau = 125nm). These results are compared to numerical calculations
and analytical theory.67 Furthermore, the role of the thermo-osmotic flow upon the motion of the
self-driven Janus particle is explored.
In the following, the numerical calculations are compared to the analytical expression found in liter-
ature67 to test the correctness of the simulation. Then, the experiments are described briefly and their
results are then compared to numerical calculations under similar conditions. Especially the role of
the thermo-osmotic substrate flow will be characterized. The author thereby acknowledges the help
of Sascha Löbel, who has contributed some of the experimental results presented within this section.
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4.2.1 Comparison of the numerical calculation to theoretical predictions
In literature67 the velocity pattern of an unbound and an immobile particle has been evaluated analyt-
ically. In the following, however, only the results of this derivation are presented. The velocity field






























P′n (c) , (4.24)
with s = sinθ, Pn (c) being the Legendre polynomial, P′n (c) = dPn/dc, c = cosθ, R the particle radius
and u0 the particle propulsion velocity. Only the coefficients pn and qn differ slightly for the two
cases of a pinned and an unbound particle and are related by the following expressions:
unbound particle














, t0 = 1+π/2 (4.27)
pinned particle
p1 =−1, pn =−qn+2 =
n(n+1)
2
tn (n≥ 1) (4.28)




















































the physical interpretation becomes more obvious. For the unbound particle the first addend is zero
(p1 = 0), whereas it is finite for the immobile particle (p = −1). This term resembles the external
force necessary to hold the particle at a fixed position. This additional 1/r term overlaps the residual
flow field and alters the form and spatial extension of the flow field of the Janus particle significantly,
as visible in Fig. 4.15.
These analytical solutions are now compared to numerical calculations performed as follows. For the
case of a pinned particle the numerical study has been designed similarly to the numerical study done
for the thermo-osmotic flow in Sec. 4.1.3. The only difference is that the reduction to a 2D system
with azimuthal symmetry for a Janus particle confined between two glass cover slips is not possible
anymore. The reason for this is the more complex geometry. Thus, the numerical calculation has
been performed based on a 3D model of the system as depicted in Fig. 4.14A. To be comparable to
the theory, the particle is located at this point in the center of the fluid cell of thickness H = 15µm.
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For this thickness the hydrodynamic flow field is only weakly altered by the walls. The walls are used
to introduce the force holding it at its position. Later the particle will be located at one of the glass
cover slips to be comparable to the experiment. To simplify the numerical calculation, the following
geometry of the particle has been chosen. The gold cap here is a hemisphere of ∆r = 25nm that is
located inside the outer boundary of the particle. This ensures a smooth surface without any edges.
This, however, does not represent a real Janus particle accurately and it should be noted that sharp
edges of the gold cap etc. (see e.g. Fig. 4.23) alter the flow locally. This is, however, challenging to
reproduce accurately within a numerical study. This numerical study consists of two parts: First, the
temperature profile for a heated gold hemisphere with the heat source density QV in the fluid cell is
evaluated. Then, based on this temperature profile, a thermo-osmotic flow vB = µ∇||T on the Janus










Figure 4.14: Sketch of the 3D model containing the Janus particle used for the numerical calculation for (A) a
pinned particle and (B) an unbound particle.
To calculate the flow pattern around an unbound particle, the design of the fluid cell has to be altered.
As depicted in Fig. 4.14B, the Janus particle is embedded in a water bubble. The outer boundaries
are defined as open boundaries. For this geometry, first the temperature profile has been evaluated
and then, based on this temperature profile, a slip flow proportional to the local temperature gradient
at the Janus particle has been assumed. Additionally, to evaluate the flow field, the background flow,
which is equal to the particle velocity uth = |
∫
vBdS/S|, has to be subtracted.
The resulting flow patterns are displayed in Fig. 4.15. In conclusion, the velocity pattern obtained
by the numerical calculation compares well to the analytical solution. The form and extensions of
the flow field are nicely reproduced by the calculation. It should be highlighted that the flow pattern
of the immobile particle is significantly more extended than for the mobile particle. This introduces
high challenges for the experimental determination of the flow field of a mobile particle. Thus, at this
state of the work, only the flow pattern of the immobile particle has been successfully investigated,
as it will be introduced in the following.
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Figure 4.15: Compares the flow pattern obtained by numerical and analytical calculations67 for a pinned and
an unbound Janus particle.
4.2.2 Measurement of the flow pattern in the vicinity of an immobile Janus particle
To measure the flow field the experiments were designed as follows. The sample was built similar
as before and described in Sec. 3.2. The glass cover slips used for this study were only treated with
an oxygen plasma. The Janus particle (RJP = 500nm) typically becomes immobile rather fast on
bare glass slips, which is why initially Pluronic F-127 was used to prevent this sticking. In addition
to the Janus particle, Rau = 125nm large gold colloids at sufficient low concentrations were added
to the particle solution. These gold tracers, as already explained in Sec. 4.1, should perform a
negligible thermophoretic motion in the external temperature profile generated by the Janus particle
due to their high thermal conductivity (κau = 320W/(mK) > κH2O = 0.6W/(mK)). By heating
at P0 = 1.25mW (I0 = 3.2mW/µm2) with a focused laser beam (beamwaist ≈ 500nm, wavelength
= 532nm), a temperature increment of about 15K is expected (see Fig. 3.11 in Sec. 3.3.2).
A sufficient amount of movies was captured at an inverse frame rate of 15ms. After the subtraction
of the background (to remove the immobile Janus particle) the position of each gold tracer and
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their steps were obtained. The steps were sorted by their initial position and averaged in small
sub-ensembles. Within this averaging, the Brownian motion of the tracers averages to zero and only
the directed motion caused by the flow pattern remains. The flow patterns are depicted in Fig. 4.16
and Fig. 4.18.
This has been performed for 3 different sample thicknesses: H ≈ 1,2,5µm (see Fig. 4.18). The
thicknesses were adjusted by hand within the sample preparation and estimated by the defocusing
of the gold tracers. Thus, these values should be taken as a rough approximation. For the thinnest
sample the experiment had to be slightly altered. As it will be discussed later in detail, the velocity
field for the thinnest sample exhibits closed vortices where the gold tracers are trapped. This leads to
the issue that parts of the flow field become inaccessible. To overcome this limitation, short movies
were obtained without heating in between of two movies to avoid this trapping and enable the tracers
to explore the whole velocity field.
4.2.3 Impact of the thermo-osmotic flow on the flow pattern
The first aspect discussed here is the influence of the thermo-osmotic flow on the measured
flow pattern. Fig. 4.16 (bottom) displays the measured velocity pattern for the thinnest sample,
H ≈ 1µm = 2RJP. This flow field neither fits to the flow field of a mobile nor an immobile particle
as depicted in Fig. 4.15. This feature will be discussed later.
To calculate the full velocity pattern including a thermo-osmotic substrate flow at the glass/water
boundary, the phoretic mobility of the Janus particle has been fixed to an arbitrary value noted in the
following as µJP = 1. The mobility of the substrate surface has been varied in units of µJP between
µsub/µJP = 0 and µsub/µJP = 5. Fig. 4.16 (left) displays the velocity pattern in the plane of the Janus
particle exemplarily for µsub/µJP = 0,1,5 in addition to the case µsub = 1 and µJP = 0. The last case
thereby highlights the contribution of the thermo-osmotic flow. It is mostly radial symmetric, but
with a center offset to the particle’s geometric center.
In the case of µsub/µJP = 0 the closed vortices are reproduced quite well. Only the back-flow at the
gold side is missing (see Fig. 4.16 (right)). By varying µsub within the numerical study, the back
flow at the gold side arises until it fully dominates the flow pattern. The position of the vortices also
moves towards the polystyrene side of the Janus particle. A good agreement between numerical
calculations and the measured flow pattern is achieved for µsub/µJP ≈ 1. Here, the positions of the
vortices and the back-flow are comparable. Both, the polystyrene surface as well as the bare glass
surface152 are negatively charged with probably comparable surface charge densities, and hence a
similar mobility is expectable.
Thus, the resulting flow pattern is a linear combination of the flow of the Janus particle and the
thermo-osmotic flow at the substrate surface. In regard to these results, the question on the impact
of the thermo-osmotic flow on the particle motion arises. Does the thermo-osmotic flow increase or
decrease the particle net velocity? To clarify this aspect, the total force Fx in x-direction was obtained
similarly as previously described in Sec. 4.1.5. The particle velocity then is the force necessary to
immobilize the particle divided by the Stokes friction f IIst (see Sec. 2.1.1):
uth = Fx/ f IIst . (4.31)


















































Figure 4.16: Comparison of the calculated and the experimentally obtained flow patterns in the vicinity of a
heated Janus particle for a sample thickness comparable to the diameter of the Janus particle (H/2RJP = 1).
The best agreement has been found for µsub/µJP = 1.
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This force is depicted in Fig. 4.17 (black curve) in dependence on µsub/µJP in addition to the velocity.
A linear increase of the total force with increasing µsub/µJP is visible. Thus, the particle velocity
increases if µsub/µJP > 0. The absolute increase for µsub/µJP = 5 is in comparison to µsub/µJP = 0
rather small with about 12%. The linear increase can be directly assigned to the thermo-osmotic
flow. The particle velocity can also be obtained via the surface average of the boundary velocity
uth = |
∫
S vB dS/S|. This value is independent on the thermo-osmotic flow at the substrate surface
(see Fig. 4.17 red curve) since this flow does not influence the boundary conditions of the Janus
particle. In reality, this might be different if the boundary layers start to overlap, which, however,
only happens in a small area of the Janus particle. The particle velocity for such a system then is the

























H = 1200 nm
 total force
 surface averaged slip velocity
Figure 4.17: Total force in x-direction in addi-
tion to the particle velocity uth in dependence
on µsub/µJP for a fixed µJP (black curve). In
addition, the particle velocity calculated with
uth = |
∫
S vB dS|/S as a function of µsub/µJP
(red curve) is show.
In conclusion, the thermo-osmotic flow enhances the particle velocity with an enhancement factor:
0.03× µsub/µJP + 1 if µsub/µJP > 0. Assuming a Pluronic-coated substrate surface and a particle
mobility comparable to a bare glass surface (µPl/µGl ≈ 14; see the previous section 4.1 for details),
the particle velocity is expected to increase by a factor of about 1.35.
4.2.4 Confinement effect on the flow pattern
By varying the film thickness H, the confinement of the particle is increased or decreased. Hence
the boundary conditions for the system are altered, leading to a different form of the flow profile.
This can be illustrated by Eq. 4.29 and Eq. 4.30. The long range terms are first affected by an
increasing confinement resulting in a suppression of these terms. To visualize this, experiments have
been performed for 3 different sample thicknesses, H ≈ 1,2,5µm, and are compared to numerical
calculations as depicted in Fig. 4.18 under consideration of a thermo-osmotic flow at the substrate
boundary with µsub/µJP = 1. First of all, it is visible that the position of the closed vortices change
slightly until they disappear. The resulting flow pattern becomes more and more comparable to the
analytical limit of an immobile particle, but without any boundaries as shown earlier in Fig. 4.15.
The remaining difference is only that the distance of one of the two confining glass slips is altered by
varying the sample thickness, but the second slide is still located directly at the particle.


















Figure 4.18: Comparison of the calculated flow patterns assuming µsub/µJP = 1 and the experimentally ob-
tained flow pattern in the vicinity of a heated Janus particle.
It should be noted that the flow for the experimental pattern is obtained by averaging the tracer motion
over the whole vertical range while the numerical pattern displays a cross-section in the particle plane.
4.2.5 Summary
In summary, this section presented the experimental observation of flow patterns in the vicinity of
self-propelled thermophoretic particles pinned onto a glass cover slip. Two aspects were thereby
highlighted:
First, the impact of the thermo-osmotic flow of the substrate on the flow pattern of the Janus particle
and especially on its velocity was investigated. It has been shown that this substrate flow visibly
alters the flow field of the Janus particle. It adds an additional back flow at the gold side and deforms
the pattern in dependence on the ratio of the mobility of the Janus particle µJP to the mobility of
the substrate µsub. The particle velocity uth is linearly enhanced for µsub/µJP > 0, or decreased
for µsub/µJP < 0. The absolute increase has been approximated to 0.03× µsub/µJP. Therefore, its
contribution is negligible for most cases. This might depend on the size of the Janus particle which
was not investigated here.
The second part examined the influence of the confinement on the flow pattern. For this purpose,
experiments and numerical calculations have been performed altering the sample thickness ranging
from H = 1µm = 2RJP up to H = 5µm. With increasing confinement (decreasing H) closed vortices
sideways to the particle arose. For the strongest confinement, H ≈ 1µm, these vortices were located
laterally to the particle’s symmetry axis at the polystyrene side. Upon increasing H, the position of
the vortices’s has changed to the edges of the particle until the vortices vanished and the flow pattern
became similar to analytical predictions.67
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4.3 Basic properties of self-thermophoretic Janus particles
In this section the basic parameters like the absorption cross-section σabs surface temperature gradient
∇||T and the dynamics of the Janus particles are investigated experimentally and compared to existing
theory. The structure of this part is organized as follows. The self-propulsion of the Janus particles
relies (i) on the ability to absorb a portion of the incident laser intensity I0. This absorbed power Pabs is
quickly translated into heat released into the environment creating a (ii) stationary temperature profile
across the particle surface. Along the non-uniform temperature profile, a boundary flow vB occurs as
described in Sec. 2.2.1, resulting in a (iii) directed propulsion uth parallel to the particle orientation no.
Within the last mentioned part, the dynamics of the particles are investigated according to Sec. 2.2.2.
Especially the size-dependence of the self-thermophoretic velocity of the Janus particle is examined
for the first time. Based on these results, finally (iv) the efficiency of the conversion of the externally
supplied energy into directed motion is discussed, similarly to Sabass and Seifert.153, 154
4.3.1 Size dependence of the absorbed power
For Janus particles, as used within this work, the ability of self-propulsion relies on the existence of a
non-uniform surface temperature. Such a non-uniform temperature is realized by plasmonic heating
of the gold hemisphere with an incident laser beam of wavelength λlaser = 532nm. A portion of the
incident intensity thereby is absorbed by the gold cap and is quickly converted into heat. The relation
between the absorbed power Pabs and the incident intensity I0 is given by the absorption cross-section
σabs:
Pabs = I0σabs. (4.32)
In Sec. 3.3.1, a method to obtain the temperature increment with heating power P0 was presented.





















time ; t [s]
average intensity for 1000nm JP
































2 3 4 5 6 7
particle radius ; RJP [nm]
 linear ~ R
 squared ~ R2
 cube ~ R3
 gold cap volume
 experiment
Figure 4.19: (A) Shows two exemplary intensity time traces for an RJP = 500nm and RJP = 375nm Janus
particle. The strong scattering of the data points around the average value (black line) is due to the rotational
motion of the particle with respect to the incident light. (B) Displays the relative scattering cross-section (red
dots) in a double logarithmic plot.
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point, however, the general scaling of the absorbency of the particle with its size rather than absolute
values is of interest. Within Sec. 2.3.1 the general scaling of the absorption σabs and scattering σsca
cross-section was presented. It was shown that two different regimes are expected for the scaling
of σabs and σsca depending on the particle size. Thus, the idea is now to conclude on the scaling
of the absorption cross-section by measuring the relative scattering cross-section of the Janus particle.
For this purpose, the Janus particles embedded in water were tracked unheated and the integrated
scattering intensity was extracted from the darkfield images as a function of time. The use of two
different particle sizes in one sample allows to determine the relative scattering intensity. For each
pair of particle sizes a trajectory of the particle’s accumulated scattering intensity was obtained, as
depicted in Fig. 4.19A exemplarily for a sample containing RJP = 500nm (blue dots) and 375nm (red
dots) large Janus particles. The black line thereby represents the average scattering intensity. The
strong scattering of the data points around the average is a result of the particle’s rotational motion
relative to the incident light. It can be concluded that the scattering and absorption cross-sections are
sensitive to the particle orientation with respect to the direction of propagation of light, as it has been
evaluated by different numerical studies.116–118
Fig. 4.19A displays the relative scattering cross-section in a double-logarithmic representation in
dependence on the particle radius. The straight lines are a guide to the eye and correspond to a linear
(red), quadratic (blue) and cubic (blue) size scaling. The experimentally obtained scattering value
(red dots) scales quadratically with size for larger particle radii RJP > 250nm. For smaller sizes
the scaling of the absorption cross-section with particle size deviates slightly from this quadratic
dependence.
To relate this result for the scattering cross-section to the size scaling of the absorption cross-section,
the main results of Sec. 2.3.1 should be reviewed here: The skin depth δskin quantifies the length
scale an electro-magnetic wave can penetrate a metal structure, for gold δskin ≈ 45nm.119 If the
relevant spatial extension, e.g. the radius Rau of a gold colloid, is significantly smaller than the skin
depth, Rau δskin, the whole metal volume absorbs a portion of the incident laser intensity, and thus,
the absorbency scales with the volume σabs ∝ R3au and σsca ∝ R
6
au. In the opposite case Rau  δskin
only a surface layer of thickness comparable to δskin is able to absorb. The absorption and scattering
cross-section then read: σabs ∝ R2au and σsca ∝ R
2
au, as shown in Fig. 2.9C.
By comparing the quadratic scaling of the scattering cross-section estimate for the Janus particles
with the scaling for a gold colloid as described above, it can be concluded that the absorption cross-
section scales with the surface of the gold hemisphere and therefore, σabs ∝ R2JP. This becomes more










The effective absorbing volume can be approximated by replacing ∆r with δskin. Thus, the absorption
cross-section has to scale in leading order with the squared particle size for a fixed thickness ∆r of the
gold hemisphere, regardless of the value of the skin depth. Only for smaller particle sizes the linear
term might become important.
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4.3.2 Numerical estimate of the size-dependent surface temperature gradient
The key ingredient for the directed self-propulsion of thermophoretic Janus particles is the ability
to harvest the externally supplied energy as presented above and converting it into heat which
is released into the environment creating the non-uniform surface temperature profile. This part
interfaces seamlessly with the above one and investigates the size-dependent form and magnitude of
the temperature gradient.
To evaluate the temperature gradient at the particle’s surface, numerical calculations using finite el-
ement software (FEM) were performed. The Janus particles, as sketched in Fig. 4.23, consist of a
polystyrene bead with variable radius RJP and an idealistic form of the gold cap with a thickness of
∆r = 50nm embedded in a large water bath. For this system the static heat equation:
κ∇
2T =−QV, (4.34)
with the thermal conductivity κ and the heat source density QV has been solved numerically with the
help of FEM simulations (Comsol 4.2). The heat source density is the ratio of the absorbed power
and the volume of the gold cap (QV = Pabs/Vcap). For a constant incident intensity, the absorbed
power is then only proportional to the absorption cross-section, Pabs = I0σabs. As presented before,
the volume of the gold cap scales for larger particle sizes mostly with R2JP, which is exactly the same
as the scaling of the absorption cross-section (σabs ∝ R2JP), and thus QV is constant. For smaller
particle sizes the additional term linear in RJP of the volume of the gold cap in Eq. 2.100 becomes
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Figure 4.20: (A) Displays the temperature profile across the particle surface normalized to the maximum
temperature for each particle size. Zero temperature thereby represents the ambient temperature. (B) Intrinsic
scaling of the temperature gradient summarized in h(RJP) obtained by numerical calcualtions (black curve)
and from the size-dependent phoretic velocity using Eq. 4.36 (blue dots).
The stationary temperature profile along the particle’s surface and in its surrounding is defined by
the geometry of the particle and the thermal conductivities of the particle and the solvent. Such a
surface temperature profile is depicted in Fig. 4.20A. For this geometry the surface of the gold cap
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is isothermal. The temperature decays monotonically from a maximum temperature Tmax at the gold
cap, to a minimum temperature Tps at the polystyrene side above the ambient temperature T0. The
temperature gradient at the surface then can be expressed as the temperature difference on both sides
divided by the particle radius. Since the temperature increment on the gold and polystyrene side
scales with the absorbed laser power, it can be expressed as the product of the absorbed laser power
and a geometry factor h(RJP), which contains all details of the temperature shape. Both parameters




= Pabsh(RJP) . (4.35)
The representation in Fig. 4.20A was chosen to highlight the change of the surface temperature
profile with the particle size. Therefore, all curves are normalized to the maximum temperature and
zero represents the ambient temperature. The difference in shape of the temperature profile can be
attributed directly to the change of the particle size and therefore to the change of the geometry
of the particle. The temperature difference of the hot and cold side thereby becomes smaller for
decreasing particle sizes. For larger particles (RJP > 0.5µm), the shape of the temperature profile
becomes size-independent. This regime can be identified as the thin cap limit, RJP  ∆r. For this
case an analytical expression is available in the literature67 (black curve), as presented in Sec. 2.3.2.
The difference between the simulated and the theoretical curve can be related to the difference of the
thermal conductivity of water and polystyrene, which was neglected within the analytical derivation.
It should be noted that the gradient as calculated by the first equality in Eq. 4.35 is only a simplifi-
cation to illustrate the dependence of the gradient on the absorbed power. In general, the calculation
is more complex since the gradient ∇||T (θ) is a local quantity such a linear average is not sufficient.
Within the second equality of Eq. 4.35 the exact calculation is, however, hidden in h(RJP).
The geometry factor displays the intrinsic scaling of the gradient based on the geometry of the particle
and the nature of heat dissipation. The absorbed power is just a scaling factor, which in this case
describes how much of the incident intensity is transformed into heat. Therefore, it is reasonable to
focus on the geometry factor, since this quantity is independent on the absorption cross-section. This
quantity is displayed in Fig. 4.20B in a double logarithmic plot. It is visible that h(RJP) scales mostly
with R−2JP for particle sizes larger than RJP = 500nm. This can be identified as the thin cap limit.
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For smaller particle sizes it levels off. For these sizes the detailed shape of the gold cap becomes
prominent and alters the shape of the temperature profile. This quantity can also be extracted from





The size-dependent velocity used here is presented in the following part of this section. The ex-
perimentally obtained hexp (RJP) (black curve) scales for all investigated particle sizes with R2JP. The
difference between the numerical estimate and the experimentally obtained data is within the obtained
error of the phoretic velocity, but shows slightly different scaling, especially for the smallest particle.
This deviation can be attributed to the ideal geometry of the gold cap used within the numerical cal-
culations. For example, the edges are typically not well defined and the shape changes slightly for
smaller particles (see Fig. 4.23). This might have impact on the temperature profile as well as on the
absorption cross-section of the particle. Second, the estimate of the absorption cross-section is not
accurate enough to address such small differences.
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4.3.3 Self-phoretic propulsion velocity
The non-uniform temperature profile at the particle surface finally results in a directed propulsion
of the Janus particle, as discussed in Sec. 2.2.2, parallel to the symmetry axis of the particle. The
main focus of this part is to present the dynamics of the particle motion, like the rotational timescale,
the diffusion coefficient and the propulsion velocity. These parameters are a function of the heating
power and the particle size.
To examine the dynamics of the particle the following experiment was performed. The Janus
particle of radius RJP = 500nm was continuously heated with a defocused laser (ω0 ≈ 7.5µm) at
different heating powers up to P0 = 4.5mW (I0 = 0.05mW/µm2). This heating power corresponds
to a maximum temperature increment of less than one Kelvin (see Sec. 3.3.2 for more details).
The particle was kept within the center of the illumination by continuously adjusting the piezo
position according to the particle position relative to the center of illumination (see Sec. 3.1.1). The
sample thickness was adjusted to be similar to the particle diameter to avoid translational motion
in the z-direction. For a total number of 20 particles per heating power trajectories were obtained
containing the position ri and orientation nio of the particle with a total length of 5000 data points
per particle, acquired at an inverse frame rate of ∆t = 5ms. For each particle the mean squared
displacement (MSD), the velocity auto correlation (VAC), the angular correlation (AC) and the
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Figure 4.21: Shows the time evolution of (A) the mean squared displacement (MSD), (B) the velocity auto-
correlation (VAC) and (C) the angular autocorrelation (AC) for different heating powers P0.
As presented in Sec. 2.2.2 the MSD is without self-propulsion of the particle linear in time (MSD ∝ t)
as visible by the black curve in Fig. 4.21A. When the particle exhibits a non-zero thermophoretic
velocity, the characteristic non-linear increase for timescales shorter than the rotational timescale
τR (MSD ∝ 4Dt + u2tht
2 for t  τR) becomes visible, which transits into a linear dependence for




t). Each curve displayed in Fig. 4.21 is an ensemble average of all 20
particles per heating power.
Both the VAC and the AC displayed in Fig. 4.21B and Fig. 4.21C, respectively, decay expo-
nentially on timescales of τR as given by Eq. 2.95 (VAC(t) = u2th exp [−t/τR]) and Eq. 2.93
(AC(t) = 12 exp [−t/τR]) in Sec. 2.2.2. Only the amplitude is different, it is constant for the AC and
scales with the squared velocity for the VAC. By fitting these curves with the analytical equations
(Eq. 2.89, Eq. 2.95 and Eq. 2.93) the absolute value of the phoretic velocity, the rotational timescale
and the diffusion coefficient can be obtained.
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Figure 4.22: Displays the experimental results of the power dependence of the (A) propulsion velocity uth, (B)
rotational timescale τR and (C) translational diffusion coefficient D.
These parameters, in addition to the particle velocity calculated using Eq. 2.92 (uth =〈
(ri+1− ri) ·nio
〉
i /∆t, see Sec. 2.2.2 for details) with ∆t = 5ms, are displayed in Fig. 4.22 and
discussed in the following.
The phoretic velocity, as displayed in Fig. 4.22A, scales linearly with the heating power and is
positive, which implies a positive DT and thus, propulsion with the polystyrene side ahead. Note
that the sign of uth is only accessible by the direct calculation using Eq. 2.92 (black curve), the
MSD and VAC give only absolute values. Nevertheless, all velocities are of similar value. However,
there are deviations of the fitted velocities from the values from the direct calculation for smaller
heating powers, which is related to the small particle velocity compared to the translational Brownian
motion. This effect becomes more obvious in the obtained rotational timescale τR as displayed in
Fig. 4.22B. While the fitting of the AC gives reasonable values, the fit values of the MSD and VAC
for heating powers below 2mW differ strongly from the values obtained by the AC. The absolute
value is about τR ≈ 500ms and visibly larger than the theoretical prediction τR = 1/2DR ≈ 330ms.
The reason is the confinement of the particle due to the thin sample geometry.81 For the same reason
the translational diffusion coefficient displayed in Fig. 4.22C is also reduced compared to the bulk
value (Dexp ≈ 0.25µm2/s < Dtheo = 0.488µm2/s).
size-dependent propulsion velocity
The geometry as depicted in Fig. 4.23 consists of a polystyrene colloid of radius RJP and a gold
hemisphere of thickness ∆r. For all experimental studies the gold cap thickness ∆r was kept constant
and only the radius of the polystyrene colloid was altered. To determine the phoretic velocity
of an active swimmer, several methods are possible. Some of them are limited to experimental
conditions like the possibility to measure the particle orientation. Such a method is, for example, the
photon nudging as introduced shortly in Sec. 3.1.1 and explained in Sec. 4.4. The photon nudging
algorithm is useful to hold a particle close to a target position, enabling the investigation of the
particle’s motion for a basically unlimited amount of time. The limitation at this point is that this
method requires the knowledge of the particle orientation. Thus is due to the defraction-limited
optical imaging only possible for particles larger than RJP = 250nm, as visible in Fig. 4.23B. For
these particle sizes the phoretic velocities are presented in Fig. 4.26 and discussed in detail in Sec. 4.4.
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Figure 4.23: (A) Shows a sketch of the idealistic shape used for FEM simulation. The particle consists thereby
of a polystyrene colloid with radius RJP and a gold hemisphere with thickness ∆r. (B) Exemplary SEM images
of the Janus particle of different sizes used within the described studies. Additionally, characteristic darkfield
images are shown. In the false color representation the gold cap is depicted by the blue color as the brightest
part of the particle and the polystyrene bead is depicted by the brown color to mark the darkest regions.
For smaller particles the velocity can be obtained by calculating the mean squared displacement
(MSD) or the velocity auto-correlation (VAC) as presented above. For this purpose the knowledge
of the particle’s position is sufficient. To be still able to investigate the particle motion for sufficient
long time, the sample is moved with respect to the particle motion to keep the particle within an
almost homogeneous incident intensity, as described in Sec. 3.1.1.
The velocity auto-correlation gives access to the absolute value of the particle’s phoretic velocity
without additional knowledge of the particle’s parameters like the diffusion coefficient or rotational
timescale. But for this calculation the inverse framerate or exposure time ∆t, has to be significantly
smaller than the rotational timescale of the particle. For the RJP = 160nm particles with τR = 11.2ms
and an inverse exposure time of 5ms this calculation is possible. For the RJP = 100nm sized Janus
particles (τR ≈ 2.7ms) the long time limit of the MSD has to be considered, as will be discussed
subsequently.
For the RJP = 160nm particles the particle velocity can be obtained by calculating the VAC as ex-








with the trajectory length N, t = δ∆t and the velocity ui = (ri+1− ri)/∆t. The obtained VAC is de-
picted in Fig. 4.24A, displaying the exponential decay at timescales less than 50ms. This dependence
on the time t can be quantified analytically as presented in Ref. 102:
VAC(t) = u2th exp(−t/τR) . (4.38)
The decay of the VAC is characterized by the rotational timescale of the particle. It becomes intuitive
when it is imagined that the rotational motion of the particle continuously reorients the particle and
is responsible for the loss of directed motion at large timescales. Then, the amplitude is the squared
velocity of the particle. By fitting the experimentally obtained curves with this analytical expression,
the phoretic velocity can be obtained as displayed in Fig. 4.24B. It shows the phoretic velocity as
a function of the heating power. The dots are results for individual particles and the black curve
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Figure 4.24: (A) Displays the velocity auto-correlation (VAC) as a function of the lag time t for different
heating powers. An exponential decay is visible. Thereby, the amplitude increases with the squared heating
power. (B) Shows the obtained phoretic velocity in dependence on the heating power. Each dot represents the
value for an individual particle. The black line corresponds to the average.
represents the average velocity together with the corresponding error bars.
To estimate the phoretic velocity of the RJP = 100nm Janus particle, first the mean squared displace-







(ri+δ− ri)2 . (4.39)
The experimentally obtained MSD is shown in Fig. 4.25A, displaying the average MSD for each
heating power as a function of the lag time t. Two aspects are visible. First, the MSD is linear in time
for all heating powers and second, the slope increases with the heating power. Corresponding to the
linear slope of the long time limit of the MSD as presented in Ref. 102, these curves were fitted with





t = Deff t, (4.40)
with Deff being the effective diffusion coefficient. The extracted diffusion coefficient consists of the
translational diffusion coefficient D and the persistence length 2u2thτR. The translational diffusion
coefficient can be obtained for zero heating power. Its value is about one half of the theoretical value
Dtheo, which is due to the thin sample geometry.81 Fig. 4.25B displays this quantity for different
heating powers. Each dot represents an individual particle and the solid blue curve the average value.
Since the effective diffusion coefficient is proportional to the squared velocity and the velocity is
proportional to the heating power, the effective diffusion coefficient scales with the squared heating
power.
In contrast to the VAC an additional parameter, namely the rotational timescale τR, is needed to
extract the phoretic velocity from the effective diffusion coefficient. Since the rotational timescale is
proportional to the third power of the radius, small deviations lead to a strong change of the rotational
timescale. Here, however, the value of the rotational timescale was chosen to be τR ≈ 3.9ms for
an RJP = 125nm particle, which is the particle radius plus half of the cap thickness. The extracted
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Figure 4.25: (A) Visualizes the linear scaling of the MSD with the lag time δ. The linear slope can be
identified by the effective diffusion coefficient Deff, , which is displayed in (B) against the heating power.
Each individual dot represents the result for an individual particle. The blue line displays the average effective
diffusion coefficient. It clearly displays the expected non-linear dependence of Deff on the heating power.
(C) With the knowledge of the rotational timescale the phoretic velocity can be obtained from the effective
diffusion coefficient as displayed as a function of the heating power.
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Figure 4.26: (A) Summarizes the heating power dependence of the obtained phoretic velocity for each particle
radius. A linear dependence on the heating power is visible, and a size independence which becomes more
obvious in (B) where the slope of the linear dependence is extracted and displayed against the particle radius.
Fig. 4.26A summarizes the obtained velocities for all investigated particle sizes. It is visible, that
all velocities scale linearly with the heating power and are independent of the particle radius. This
becomes more obvious in Fig. 4.26B, which displays the linear slope with the corresponding error
bars in dependence on the particle radius. Within the experimental error the obtained size-dependent
velocity is found to be size-independent. Since the phoretic velocity is a product of DT and ∇||T , it
is not possible at this point to judge whether both quantities are size-independent or whether their
size-dependence compensates each other.
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4.3.4 Size-dependent propulsion efficiency
In general, all phoretically driven particles convert a portion of an externally supplied energy (e.g.
chemical, electro-magnetic) into a directed motion, as observed in various experiments on artificial
swimmers driven by self-thermophoretic,46–48 self-diffusiophoretic49–51 or self-electrophoretic52, 53
surface flows. The efficiency of this conversion processes can be evaluated by the ratio of the output
power and the input power ε = Pout/Pin. The output power involves the sum of all viscous losses
causing the directed motion, and thus, requires a detailed knowledge of the created phoretic flow
field. While this flow field has been determined theoretically,67–69 no efficiency calculations have
been based on it so far. It is known, however, that the efficiency of most artificial swimmers is very
low with values of typically less than ε = 10−7 .155
A hydrodynamic upper bound of the efficiency was derived by Sabass and Seifert.153 They predict
that the efficiency of a surface-driven swimmer increases as its size decreases. For diffusiophoretic
Janus-type particles (driven by concentration gradients caused by catalytic reactions) theoretical
studies on the size-dependent efficiency154 support this dependence, but reveal a deviation for small
particle sizes. Measurements of their size-dependent velocity156 exist, but without considering the
efficiency of the propulsion and its dependence on size.
In a thermodynamic context the thermodynamic efficiency ηT is defined by the mechanical work W





For an organism steadily swimming in one direction with a time averaged zero acceleration, the
integral of the stress tensor muss vanish.157 Such an organism does perform work on the fluid in
order to propel itself but it completely decays by viscous dissipation into heat. This implies that
W must vanish resulting in W = 0 and Q ≥ 0. Therefore, the thermodynamic efficiency is zero.
As discussed in Ref. 157, there are other possibilities to define the efficiency of such an object.
For example, by introducing an external load tied to the swimmer, the swimmer has to perform
mechanical work on the system in order to propel itself. This work can be quantified by the mass of
the load located in the gravitational field necessary to stop the swimmer.
Here, however, the efficiency of phoretic swimmers has been addressed by calculating the power
required to pull a colloidal particle of the same radius R as the swimmer in a liquid of viscosity η
(see Eq. 4.42) with a constant velocity equal to the phoretic velocity uth of the swimmer.158 The









The right side of Eq. 4.42 is useful to study the dependence of the efficiency on the size of the
swimmer, as for example carried out theoretically by Sabass.153 The input power Pin in Eq. 4.42 is in
general related to the energy picked up by the particle and involves different processes for different
types of swimmers. In the case of catalytic swimmers, this input power is difficult to define. Sabass
and Seifert therefore consider a sum of the power lost in viscous dissipation and the propulsion
power as the input power. In the present case of photophoretic swimmers the input power Pin is
well defined and corresponds to the absorbed electromagnetic power Pabs. This is different from
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the definition of Sabass as it includes the power required to maintain a temperature field around the
hemisphere even if this would not generate motion.
The Janus swimmers presented here are typically absorbing about Pabs ≈ 10−9 W of the incident
intensity (see Sec. 3.3.1 for details) and achieve a velocity of about uth ≈ 10µm/s (see Fig. 4.31).
The efficiency of an RJP = 500nm swimmer therefore is about ε ≈ 10−10 and yields a similar order
of magnitude as reported before.155
A study of the size-dependence of the swimmer efficiency thus reduces to the size-dependence of the
absorbed power Pabs and phoretic velocity uth. The absorbed power is related to the incident power
P0 of the laser by the absorption cross-section σabs (RJP) and the area illuminated by the laser. This
then reads for a Gaussian shaped laser beam:




The absorbed power then dissipates as heat into the environment. After a short time period a static
temperature profile at the swimmer surface arises. This inhomogeneous temperature profile leads to
a slip flow driving the particle in the opposite direction due to hydrodynamic boundary conditions.
The resulting phoretic velocity can be expressed as the product of the thermodiffusion coefficient DT
and the surface gradient ∇||T :
uth =−DT∇||T. (4.44)
Both the thermodiffusion coefficient and the gradient might be size-dependent. Based on Piazza











The following discussion aims to explore the efficiency depending on the particle radius ranging from
RJP = 100nm up to RJP = 625nm by using the dependence of the phoretic velocity uth and absorption
cross-section estimated above. These results may now be combined to yield an expression for the
efficiency of the self-thermophoretic swimmer. Similar to the temperature gradient, the efficiency
can be expressed using Eq. 4.42 and Eq. 4.35 as the product of the absorbed power Pabs and a size-







2 = Pabsk (RJP) . (4.46)
Thus, two main parameters influence the efficiency and its size-dependence. The first is a geometry
factor k (RJP), which reflects how an optically induced and fixed temperature difference is converted
into a temperature gradient. For a given incident intensity, the second parameter Pabs ∝ σabs describes
the ability of the swimmer to harvest energy from the incident laser power.
The geometry factor k (RJP) scales with R−3JP for large particles and exhibits a maximum at radii
around 20nm as visible in Fig. 4.27 (black curve). Even though the experimentally studied swimmers
are not in the size range to reveal this maximum, numerical calculations show that the position
of the maximum is sensitive to the thickness and shape of the gold cap. For very small particle
sizes the Janus swimmer turns into a passive gold half-sphere, which still absorbs light but does
not generate a directed motion due to the missing temperature gradient along the particle surface.
Thus, the efficiency has to reveal a maximum. The experimentally studied size-dependent propulsion
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efficiency of the swimmers nicely follows the expected R−3JP -dependence.
The power absorbed by the particle also enters directly the efficiency scaling, meaning that on one
side at fixed particle radius RJP the swimming efficiency is increased linearly with the heating power.
This is equivalent to a linear increase of the temperature difference across the self-thermophoretic
Janus swimmer. This result stays in contrast to the result of Ref. 153, where the efficiency is
independent of the energy stored in the system. This difference arises from the fact that our definition
of the input power includes the energy that is required to maintain the whole temperature field
around the Janus swimmer, even though the radial temperature gradients are not contributing to the
propulsion of the swimmer. Sabass and Seifert, however, only consider the viscous losses by the
particle motion and in the boundary layer.153 Further, the power dependence reported here suggests
at first glance no upper bound for the efficiency, whereas other swimmer efficiencies are bounded,
for example, by the reaction rates for catalytic swimmers.154, 157, 158 Similar effects may also be
expected in general as a saturation of the absorption may occur at very high laser powers. However,
this is typically close to the damage threshold of the materials. On the other side, at fixed incident
heating laser intensity, it is concluded from the experiments that the absorbed power scales with
the swimmer radius as Pabs ∝ R2JP. The product of the absorbed power and the geometry factor thus
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Figure 4.27: Displays the intrinsic scaling of the efficiency by the geometry summarized in k (RJP) =
RJP h(RJP)
2 as a function of the particle radius in a double-logarithmic plot. The numerical estimate of an
ideal cap shape (black solid line) is compared to the experimentally obtained values (blue dots). The dashed
line thereby acts as a guide to the eye.
The deviation of the experimental results from the numerical data can be related to three aspects.
First, the simple geometry assumed for the numerical calculation might not represent the real Janus
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particles accurately enough. The gold cap typically is not that well defined as visible in Fig. 4.23.
Second, as discussed above, the scaling of the absorption cross-section of the real swimmer probably
is more complex. And third, the assumption that the thermodiffusion coefficient is size independent
has only been shown for passive polymer particles in an external temperature profile and has to be
verified for self-propelled photophoretic swimmers.
4.3.5 Summary
Within this section, the basic properties of the Janus particle, like its ability to absorb the incident
laser intensity and develop a non-uniform temperature gradient, were reported. A special focus was
thereby set on their size-dependence. By measuring the size-dependent scattering cross-section of
Janus particles and comparing it to the general scaling of σabs of a gold colloid with the particle
size it could be shown that the absorption cross-section of the Janus particle scales mostly with the
squared particle radius (σabs ∝ R2JP).
The non-uniform temperature profile, which is necessary for the thermophoretic self-propulsion, has
been evaluated by FEM calculations. The magnitude of the surface temperature gradient thereby
is given by the detailed geometry of the particle and the nature of heat dissipation multiplied by
the absorbed power of the particle. Together with the above mentioned results of the absorption
cross-section, the temperature gradient becomes size independent for particle radii larger than
RJP ≈ 1µm at constant incident intensity. For smaller particle sizes, the details of the geometry
become more and more important, leading to a vanishing gradient in addition to the vanishing
absorbance.
Furthermore, the size-dependent propulsion velocity for a thermophoretically driven Janus particle
was measured for the first time. The propulsion velocity scales linearly with the heating power within
the investigated power range, but otherwise is size-independent for Janus particle sizes ranging from
RJP = 100nm up to RJP = 625nm. The maximum power used within these experiments corresponds
to a temperature increase of the gold cap of about 10K.
The size scaling of the absorption cross-section, the temperature gradient and the phoretic velocity
were used to estimate the size-dependent propulsion efficiency. Similar as for the temperature gradi-
ent, the efficiency can be written as the product of a geometry-related factor and the absorbed power.
It was shown that the efficiency scales for large particles with the reciprocal size and exhibits a max-
imum around a particle size of RJP = 50nm. The latter result is, however, obtained by numerical
calculations. The absolute value for an RJP = 500nm Janus particle amounts to ε≈ 10−10 .
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4.4 Photon nudging
Photon nudging is a method to control and steer individual self-propelled swimmers actively inside
a fluid cell. The key ingredients are a switchable phoretic propulsion in combination with an optical
feedback depending on the particle’s position and orientation. The position and orientation are
obtained in real time using a home-built optical setup in addition to common image processing
algorithms. Depending on these parameters, the algorithm decides to turn the propulsion engine on or
off. Within the literature there are several phoretic swimmers with such a switchable phoretic engine.
Examples for this kind of self-phoretic swimmers are various kinds of photophoretic swimmers,46–48
or photo-activated catalytic swimmers.51 The advantage of this algorithm is that multiple particles
can be addressed and steered simultaneously on individual trajectories. This is realized by extending
the image processing scheme (see Sec. 3.1.1) and using a steerable focused laser beam (see Sec. 3.1).
This possibility will be highlighted later as a key tool to study the interactions of multiple particles
(see Sec. 4.5).
Beside this mostly technical point of view this topic contains physically interesting mechanisms.
The particle is not pulled or pushed actively with the help of an external force as done, for example,
in optical tweezers. Only its engine is activated in the best moment to realize a trapping or guidance.
The rotational Brownian motion is exploited as the realigning mechanism, and thus, the feedback
algorithm leads to a stochastic switching of the engine. Only the selection of events and the
separations into ”good” (pointing towards the target) and ”bad” (pointing away from the target) lead
to a localization of the particle towards the target position. This selection is somehow similar to the
Maxwell demon. The only difference is that the selection performed here is connected to an action
which is performed by the experimentalist.(laser heating turned on or off), and thus, energy is needed
for this process. However, this process is of interest in terms of the entropy of information.
A second circumstance, also related to the rotational Brownian motion, is the size scaling of the
trapping accuracy. While the rotational diffusion is utilized as the realigning mechanism, the
translational Brownian motion works against the efforts to localize the particle at the target by
continuously driving the particle away from the target. Both are stochastic processes, but play a
contrary role for the algorithm. The trapping then is characterized by the balance of the active driving
towards the target and the translational Brownian motion. Both processes do not scale similarly
with size. While the rotational diffusion coefficient scales with third power of the particle radius
(DR ∝ R−3), the translational one only scales with the inverse radius (D ∝ 1/R). The result is that the
smaller the particle is, the more prominent becomes its rotational motion and the faster the particle
realigns. On the other hand, the ability of the translational Brownian motion to relocate the particle
from the target also increases with decreasing radius, but significantly slower. This difference in the
scaling leads to an improved trapping for smaller particles.
The ability to control the motion of multiple active swimmers also opens unique possibilities for the
photon nudging process to be not only used as a tool to gather and trap particles, but also to imprint
them artificial interactions. Non-interacting particles can be made to show various interaction
potentials by designing corresponding feedback rules. Such particles act as a model system to
investigate the influence of the interaction potential on the collective motion of actively driven
objects not only limited to phoretic swimmers, but to a more general topic of swarming and coherent
motion also of living matter.
4.4 Photon nudging 99
To explain and characterize the discussed aspects, first a detailed description of the photon nudging
algorithm will be given. Based on this algorithm, the trapping of a self-thermophoretic Janus particle
quantified by the position error122 σ will be discussed for a Janus particle of radius RJP = 500nm,
depending on the experimental control parameters heating power P0 and acceptance angle θ.
Thereby, the main focus is to identify the fundamental dynamics which are responsible for the
trapping. Afterwards, the aspect of the size-dependence will be addressed. For this purpose the
experiments were performed using four different particle radii ranging from RJP = 250nm up
to RJP = 625nm. These results will be compared qualitatively to existing numerical results.122
Additionally, the importance of the relation between the rotational timescale τR and the experimental
timescale of the system ∆t will be emphasized. Based on this relation, more general arguments will
be developed supported by additional numerical simulations. Especially the different scaling of the
rotational motion and the translational motion is emphasized.
This knowledge is used to gain further control of even arbitrarily shaped particles, in this case
V-shaped particles (in collaboration with Prof. Dr. Peer Fischer, Max Planck Institut für Intelligente
Systeme, Stuttgart), enabling the possibility of an orientational photon nudging not only to manipu-
late the translational motion of the particle, but also to directly control its orientation.
4.4.1 Basic principle
Within this work the experiments focus on self-propelled thermophoretic swimmers. Here, the
particle consists of a micrometer-large polystyrene colloid coated with a gold hemisphere (for details
see Sec. 3.2). When irradiated with a laser beam (λlaser = 532nm), the gold hemisphere absorbs
a portion of the incident laser intensity. This absorbed laser intensity is transformed rapidly into
heat which is released into the environment. A stationary temperature profile in the surrounding
and especially along the particle’s surface arises. Along the non-isothermal surface a phoretic
slip flow occurs.45, 69, 99 The hydrodynamic boundary conditions at the swimmer’s surface and
at the container walls drive the particle forward, even though the system of particle and liquid is
force-free. The inhomogenous temperature profile on the particle surface as well as the resulting
phoretic flow only exists as long as the particle is supplied with energy, in our case as long
as the laser beam illuminates the particle. This behavior is now utilized to establish control over
the particle’s motion. The photon nudging method is illustrated in Fig. 4.28A and designed as follows.
The position rp and orientation no of the micro-swimmer is obtained in real time (see Sec 3.1.1
for details). Depending on the orientation φ of the particle relative to a predefined target position
rtarget, the laser heating is turned on (φ < θ) or off (φ > θ). The acceptance angle θ thereby is a
freely adjustable experimental parameter. The rotational diffusion coefficient DR of the particle
continuously reorients the particle, regardless of whether the particle is heated or not. If the relative
particle orientation φ exceeds the acceptance angle, the laser heating is turned off until the rotational
motion reorients the particle and φ < θ is fulfilled. The translational diffusion coefficient D on the
other hand continuously drives the particle away from the target position. A balance of the phoretic
drift towards the target position and the diffusive motion of the particle might lead to a localization of
the particle at the target position. The trapping is realized without the need of additional point forces
of tweezers or external fields, which would distort the hydrodynamic flow field of the swimming
objects. This procedure is not limited to a single particle. By extending the tracking algorithm
to measure the position and orientation of multiple particles simultaneously, each particle can be
























Figure 4.28: (Top) The localization of the particle at a target position is realized by a stochastic heating of the
particle. The particle’s position and orientation is obtained in real time. Depending on the orientation of the
particle relative to the heat source φ, the laser heating is turned on (φ < θ) or off (φ > θ). The acceptance angle
thereby is a freely adjustable experimental parameter. The rotational motion of the particle keeps reorienting
the particle regardless of whether the particle is heated or not. If the particle orientation exceeds the accep-
tance angle, the heating is turned off until the rotational motion reorients the particle again. The translational
Brownian motion on the other hand continuously drives the particle away from the target location. (Bottom)
By considering the time evolution of the particle’s radial distance to the target position (black line), the effect
of the laser heating becomes visible. Whenever the particle’s orientation fulfills the acceptance angle and the
particle is heated due to the laser irradiation, the distance drops rapidly (blue bars). These traces were obtained
for a Janus particle with a radius of RJP = 0.625µm, (κPN = 1.33; λPN = 1.65).
localized at an individual target position. By defining a series of target positions the particles can be
steered on individual paths as depicted in Fig. 4.29.
The sample containing the particles and the optical setup used for the experiments is described in
Sec. 3.2 and Sec. 3.1, respectively. Within the real time particle tracking the particle’s position rp
and orientation no are extracted as described in Sec. 3.1.1. Thus, the orientation relative to the target






∣∣rp− rtarget∣∣, with rtarget being the target position. In dependence on φ the laser is
now turned on (φ < θ) or off (φ > θ).
Typically, these particles are addressed by a focused beam which enables the possibility to control
multiple particles simultaneously, or in the case of arbitrarily structured particles, to address
individual parts of the particle. The last-mentioned possibility is used later for specialized V-shaped
4.4 Photon nudging 101
10 µm
Figure 4.29: Shows the trajectory (colored line) of an R = 500nm Janus particle guided by photon nudging
through a series of target positions (black dots).
particles to gain control of the rotational motion. A focused beam, however, may induce optical
tweezing which would alter the motion especially for high heating powers. To avoid such effects,
a broad illumination with a large beam waist ω0 ≈ 8.5µm RJP was used for the single particle
experiments within this section and ensures a mostly constant intensity within the region of interest.
This broad illumination is achieved by placing an additional lens in front of the objective in the path
used for the steerable focused illumination (see Sec. 3.1). The switching of the laser beam together
with the position of the defocused illumination is still performed with the AoD.
Before the experimental results are discussed, it is necessary to introduce three timescales that occur
within the experimental realization as depicted in Fig. 4.30. The most important one is the experi-
mental timescale ∆t. It is the time period after which the position and orientation is detected. Within
the experimental timescale the CCD is exposed for a duration given by the exposure time τexp ≤ ∆t,
which is the second timescale. The third timescale is the laser heating duration τlaser, which indicates
the duration the laser illuminates the particle, if it fulfills the corresponding conditions. In general, all
three timescales do not have to be similar. In some scenarios, which will be described later, it is nec-
essary to tune each parameter individually to achieve the best results. For the following experiments





Figure 4.30: Illustrates the individual timescales. Each frame has a duration ∆t. Within this frame the CCD is
exposed for a period of time τexp. Whenever the algorithm decides to heat the particle, the laser illuminates the
particle for the time τlaser.
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4.4.2 Trapping of a single Janus particle
The method described above was performed on four different particle sizes (RJP = 250, 375, 500,
625nm) with the aim of the localization of these swimmers at the target position. For each particle
size the experimentally tunable parameters velocity and acceptance angle were altered and the
particle’s motion was captured with a camera. The experimental timescale for these measurements
is equal to the exposure time τexp = 15ms of the camera. The laser pulse duration lasts for the
whole frame (τlaser = τexp). The particle trajectory containing the position rp and orientation no
was extracted from each movie. By splitting the trajectory into parts in which the particle was
heated or unheated, more dynamical information can be obtained, like the thermophoretic velocity,
the translational diffusion coefficient or the detailed motion of the swimmer when approaching the
target. Within this part the analysis will be presented for a Janus particle of radius RJP = 500nm, as
a representative for all other investigated particle sizes.
The stochastic driving of the particle might lead to a static distribution of the particle position relative






which is the time-averaged mean squared distance of the active particle rp from its target position
rtarget. Fig. 4.28 (bottom) displays the time evolution of the radial distance
∣∣rp− rtarget∣∣. The blue
vertical bars indicate the rare and short laser pulses. An immediate drop of the particle’s distance
at these laser pulses is clearly visible. Responsible for this localization is a balance between the
ubiquitous thermal fluctuations and the control parameters in the experiment.
The position error is a measure for the quality of the trapping. It is expected that this quantity depends
on the control parameters velocity and acceptance angle, but also on the particle size. To character-
ize and interpret the position error, first the dynamics of the particle’s motion needs to be investigated.
The thermophoretic velocity uth of the particle is proportional to the arising surface temperature
gradient and thus proportional to the incident heating power, but does not depend on the acceptance
angle. The acceptance angle is only the condition to switch the heating on or off, but does not
influence the velocity if heated. The phoretic velocity can be obtained by first selecting the particle
steps of two sequential frames ri+1p − rip in which the particle was heated and then projecting these
steps onto the particle’s orientation nio = (cosφi; sinφi). The phoretic velocity then is the ensemble











Fig. 4.31 displays the phoretic velocity for all four particle radii investigated as a function of the
heating power. Three characteristics are visible. First, the velocity is directly proportional to the
incident heating power. Second, since the velocity is positive, the particle is propelled parallel to the
symmetry axis with the polystyrene side ahead. Third, the phoretic velocity seems to be independent
of the particle radius which might be interpreted as a size-independent thermophoretic mobility DT.
The last property was discussed in terms of the particle’s propulsion efficiency in Sec. 4.3.4.
To understand the dynamics of the trapping, it might be useful to calculate the particle velocity
relative to the target position. Due to the radial symmetry of the system it is reasonable to discuss the



































Figure 4.31: Displays the thermophoretic ve-
locity uth in dependence on the heating power
P0 for different particle sizes ranging from
RJP = 250nm up to RJP = 625nm. The
direction of the phoretic velocity is always
along the symmetry axis pointing towards the
polystyrene side.
radial and tangential velocity. These velocities are calculated similarly as the particle velocity. How-
ever, instead of projecting the particle step of two sequential frames ri+1p − rip in which the particle
















〈∣∣(ri+1p − rip)× eir∣∣〉i . (4.50)
In contrast to the phoretic velocity uth the radial velocity vR depends on the acceptance angle θ. The
reason can be identified by simple geometric arguments, as depicted in Fig. 4.32A. The angle φi is
enclosed by the orientation of the particle nio and the corresponding radial direction eir. As mentioned
earlier, the laser heating is only turned on when φ is within the acceptance angle and thus φ < θ.
For a finite acceptance angle the particle’s orientation does not point towards the target and the
projected velocity thus scales with cosφ. On the other hand, the situation illustrated in Fig. 4.32A
indicates that there should also be a nonzero tangential velocity which is visibly in contrast with the
time-averaged tangential velocity shown in Fig. 4.32B. Here the averaged tangential velocity is zero
for all parameters. This quasi-contradiction can be revealed when the scenario is thought further.
The particle might have a tangential velocity which in this case points in a clockwise direction, but
once the particle reorients due to the rotational motion the tangential velocity might point in the
opposite direction. Therefore, the tangential velocity only lasts for a timescale which is proportional
to the rotational timescale τR of the particle. In the time average the tangential velocity vanishes.
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Figure 4.32: (A) Illustrates the dynamics of the particle motion for a finite acceptance angle θ and a particle
orientation φ relative to the target position. For each frame the particle velocity uth can be split into a part
driving the particle towards the center, the radial velocity vR and the tangential part vT. (B) Displays the time-
averaged tangential and radial velocity as a function of the heating power and acceptance angle θ. (C) Since the
tangential component vanishes in the time average, the effective velocity field only has radial components. The
experimental results depicted in this graph are obtained for an RJP = 500nm swimmer and are representative
for all other particle sizes.
From these dynamics one can conclude that the photon nudging procedure generates an effective
radial flow which is visualized in Fig. 4.32C. It displays a position-resolved map of the direction
(arrows) and magnitude (color) of the local average particle velocity. All arrows are pointing towards
the center position (target) with an almost constant velocity. This effective radial flow competes with
the translational Brownian motion of the particle. In dependence on the strength of the radial flow
compared to the translational Brownian motion, different realizations of the trapping are expected.
To characterize this, the position error σ was evaluated. Fig. 4.33A displays this quantity for different
heating powers (phoretic velocities) and acceptance angles θ for a particle radius of RJP = 500nm.
We start this discussion with the case of low heating powers: In general, as long as there is a finite
radial velocity, independent of how small it is, it will always lead to a finite position error.
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Figure 4.33: (A) Representative example for the position error for RJP = 500nm in dependence on the heating
power (phoretic velocity uth) for different acceptance angles. (B–D) Examples of 2D probability distributions
of the particle occurrence in the weakly-controlled (B), the optimally controlled (C) and the over-corrected
regimes (D).
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This regime can be identified as the weakly controlled regime. Fig. 4.33B displays the corresponding
2D probability distribution of the particle’s position. While increasing the heating power and thus
the phoretic velocity of the Janus particle, the position distribution of the particle becomes more and
more constrained (Fig. 4.33C), which is characterized by a decreasing σ. For a certain combination
of heating power and acceptance angle the position error σ becomes minimal. For this particle size
the minimum is located at a heating power of 30mW, which corresponds to a phoretic velocity of
uth = 6µm/s and an acceptance angle of about θ = 35◦. This point is the optimum control case.
When the heating power is increased further, the positioning error increases also. This regime can be
identified as the over-controlled or over-shot regime (Fig. 4.33D).
A simple explanation for the increasing position error for larger heating powers can be derived by
considering the illustration in Fig. 4.32A. As explained, the particle will never be propelled directly
towards the target position due to the finite acceptance angle. In the next step the particle has to
reorient first to match the acceptance angle, but again the particle misses the target in the same ways
as before, due to the finite acceptance angle. As a result this realization of the photon nudging
procedure, as done in the experiments, does not aim to localize the particle directly at the target
position, but rather on some kind of orbit around the target. This kind of orbit can be identified by the
2D probability distribution of the particle position as depicted in Fig. 4.33D. The highest probability
(red color) is located on a ring around the target position (center of the image). This becomes more






The mean distance of this orbit Rorbit can be calculated from the distance the particle is displaced
by the phoretic velocity uth within the exposure time τexp, divided by two times the cosine of the
acceptance angle θ. Typically, this behavior is hidden by the more dominant translational Brownian
motion. However, for sufficiently large heating powers it will become visible. Two experimental
features are responsible for the visibility of this kind of behavior in the experiment. First, the
translational Brownian motion is significantly smaller than the theoretical one (Dexp ≈ 0.25Dtheo).
This is a result of the thin sample geometry.81 Here, the sample thickness is similar to the particle
diameter to avoid a motion of the particle in the vertical direction to simplify the real-time tracking.
Second, the rotational Brownian motion leads to an average angular displacement of about 15◦
leading to a non-negligible uncertainty of the particle’s orientation. From the slope of the increasing
position error (Fig. 4.33A green dashed line) this uncertainty can be quantified to about 35◦. Thus,
the contribution of the experimental uncertainties to the acceptance angle is large and the defined
acceptance angle becomes unimportant for the stochastic localization in 2D under the current
experimental conditions.
heating statistics
This part investigates the distribution of the heating statistics. As displayed in Fig. 4.28 (bottom), the
Janus particle is heated rarely. This can be quantified by the laser-on fraction being the absolute time
the laser was turned on, divided by the total measurement time. This ratio is shown in Fig. 4.34A as
a function of the heating power for different acceptance angles. It is visible that with an increasing
heating power or decreasing acceptance angle, the laser-on fraction decreases. This trend can be
explained by pure geometrical arguments, as illustrated in Fig. 4.34B. Whenever the particle fulfills
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the condition φ < θ, it is propelled with the velocity uth proportional to the incident laser intensity
I0. Ignoring the rotational and translational Brownian motion within the experimental timescale the
orientation of the particle relative to the target φ′ has increased (except for the case φ = 0). The
difference between φ′ and φ increases with the increasing particle velocity, thus the particle has to
reorient over a larger angle leading to a decreasing total number of events φ < θ. When assuming
rotational and translation Brownian motion within the experimental timescale, for small phoretic
velocities, it might appear that the angle φ′ is smaller than φ, and thus the laser is turned on in the
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Figure 4.34: (A) Laser-on time fraction as a function of the heating power displayed for different accep-
tance angles. (B) Illustration of the particle motion when the particle is heated. (C) Probability to observe a
subsequent heating over a period ton. (D) Distribution of the time toff.
The particle has to reorient after each heating event to fulfill the condition φ < θ again. The rotational
Brownian motion is exploited within the photon nudging procedure as the realigning mechanism.
However, it is still a stochastic process that for each individual event can lead to either a rotation
towards the heat source or away. The probability to have several successive heating events then has
to decrease with the heating power caused by the larger difference between φ′ and φ.
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Fig. 4.34C displays this behavior exemplarily for the highest and lowest heating power. It is visible
that for the highest heating power the probability to find a long duration ton the laser is turned on is
significantly decreased compared to the lowest one.
Furthermore, it is noticeable that the probability is additionally decreased for small acceptance an-
gles. This can be explained by the lowered probability to achieve the correct orientation for smaller
acceptance angles. In contrast to the exponential decay, visible by the linear dependence on ton in the
semi-log representation, the laser-off distribution exhibits a power law dependence. This power-law
dependence is independent of the acceptance angle within the uncertainty. Only a dependence on
the heating power is noticeable. This dependence is reversed compared to the laser-on-time statistics
basically due to the same argument that the difference φ′−φ increases with increasing heating power.
Thus, the particle needs more time to reorient and therefore the probability for larger laser-off-times
is increased. This power-law dependence itself is explainable by imagining the realigning process as
a first passage problem for the rotational Brownian motion. This topic is, however, not subject of this
thesis and therefore not examined in detail here.
4.4.3 Size dependence
In the previous subsection the experimental results of the photon nudging algorithm were analyzed
focusing on the dependence of the position error σ on the control parameters velocity uth and
acceptance angle θ to understand the dynamics of the process. This has been done for one particle
size, namely a swimmer of radius RJP = 500nm representatively for all other investigated particle
sizes. Based on this knowledge the scaling of σ with the particle size will be examined within this
section.






which denotes the propelled distance within the time period characteristic for the rotational diffusion
time τR, relative to the particle radius RJP. In other words, this number describes the distance the
particle is able to travel in a certain direction relative to its size before the rotational Brownian motion
reorients the particle. The second parameter, the revolution number, puts the experimental timescale
∆t and the rotational timescale τR into a relation, containing the information about the mean rotations





Before the size dependence is analyzed further using these parameters, it might be useful to comment
on the revolution number. As already pointed out in the experimental realization, there are several
different technically relevant timescales beside ∆t, namely the exposure time τexp and the laser
heating duration τlaser. For the performed experiments, these parameters were kept equal. Even
though this strategy was successful in the particular case, it might fail in general. For example in
the case the laser heating duration becomes larger than the rotational timescale of the particle, the
rotational Brownian motion of the particle would randomize the orientation of the particle while it
is heated leading to a vanishing directed motion. When such a scenario occurs the photon nudging
algorithm fails to localize the particle at the target position.
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Thus, two additional conditions can be stated, which are of more technical relevance. First, the laser
heating duration has to be sufficiently small compared to the rotational timescale (τlaser/τR < 1), so
that a directed motion into the desired direction is possible. This also requires a phoretic engine
which can be switched fast enough. The second condition is that the particle’s orientation and
position can be determined, thus for τexp the same argument holds as for τlaser. In general, if both
conditions are fulfilled, the revolution number is not limited to a maximum value.
For both dimensionless parameters the rotational timescale is essential. It is an intrinsic timescale
of the particle on which the whole photon nudging algorithm relies. The particle realigns faster the
faster the rotational motion of the particle is. In the following, this parameter has to be quantified first.
As pointed out, the translational diffusion coefficient Dexp is significantly smaller than the theoretical
value Dtheo. Due to the thin sample geometry applied for all particle sizes the experimentally obtained
diffusion coefficient is about 1/4 of the theoretical one (see Fig. 4.35A).81 The rotational timescale
on the other hand should be much less influenced by the confinement of the particle. The rotational
timescale of the particle can be obtained from the trajectory by an angular auto correlation function
(AC)103 (see Sec. 2.2.2):









with t = δ∆t.
Both the angular auto-correlation AC (t) and the obtained rotational timescale τR are displayed in
Fig. 4.35B and C. The rotational timescale is extracted from an exponential fit. The AC starts for
all functions at 1/2 and decays to zero. The slope becomes steeper for smaller particles implying a
smaller rotational timescale, which is supported by the theoretical values (red curve in Fig. 4.35C).
However, the rotational timescale is slightly larger than the theoretical value, but the factor between
the theoretical and the experimental value is small in comparison to the ratio of Dexp/Dtheo and will
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Figure 4.35: (A) Displays the ratio of the diffusion coefficient measured within the experiments and the
theoretical estimate for the different investigated particle sizes. (B) Shows the angular auto-correlation function
as a function of t. The rotational timescale τR thereby is the timescale of the exponential decay. This quantity
is displayed in (C) in comparison to the theoretical values.
Based on the dimensionless parameters λPN and κPN, the logarithmic ratio of the position error
and log10 σ/RJP can be plotted against the logarithm of the revolution number log10 λPN and the
propulsion number log10 κPN. This is displayed in Fig. 4.36 in a 2D graph. The circles are the
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Figure 4.36: Comparison of the logarithm of the ratio of the position error and the particle size log10 (σ/RJP)
in dependence on the logarithm of the revolution number log10 (λPN) and the propulsion number log10 (κPN).
The dashed straight line connects the minima of σ/RJP.
To describe this graph it is useful to point out two limits of the revolution number, namely the constant
revolution number and the constant experimental timescale. The first case of a constant experimental
timescale is discussed in the following. In this case the revolution number has to scale with the inverse
rotational timescale and hence with λPN ∝ R−3JP . For each realization of λPN, there is a specific κ
min
PN at
which σ/RJP becomes minimal. The straight dashed line visualizes the position of the minimum of





For a given revolution number the phoretic velocity has to be scaled according to: uth ∝ 1/
√
RJP ∆t to
reach the minimum of σ/RJP. On the other hand, if the revolution number is fixed, the velocity has
to scale with uth ∝ 1/R2JP. Another aspect which can be derived from this visualization is that for a
constant λPN, σ/RJP does not explicitly depend on the particle size. For example log10 (σ/RJP) = 0.5
for log10 λPN = −1 and log10 κminPN = 0.55, therefore σ ≈ 3.16RJP. This relation leads to the assump-
tion that for a constant revolution number, the position error scales with the particle size. Thus, the
photon nudging algorithm is able to localize smaller particles more precisely than larger, ones.
This can be imagined by the following thought experiment. Let us consider a particle starting at
the target position. As long as the particle does not face the target within the acceptance angle, the
translational Brownian motion drives the particle with high probability away from the target. When
the rotational Brownian motion reorients the particle and the condition for the algorithm is fulfilled,
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the particle is driven back to the target position. The mean distance the particle is displaced by the
translational Brownian motion can be estimated by
√
4Dτoff, with τoff being the time it takes till the
rotational motion reorients the particle. Since this timescale has to be proportional to the rotational
motion of the particle, τoff ∝ τR, the following phenomenological equation can be derived:
σmin ∝
√
DτR ∝ RJP. (4.56)
The last proportionality is given by the different scaling of D ∝ R−1JP and τR ∝ R
3
JP with the radius. A
consequence of this relation is that σmin does not explicitly depend on the temperature or viscosity
of the medium. More important is that the localization precision quantified by the position error
becomes better with decreasing radius which is in contrast to other trapping processes, which
are based on forces, like the optical tweezer. This relation, however, seems to be only true for a
constant revolution number, since the experimentally obtained σ/RJP for a constant experimental
timescale depends on the particle size, as visible in Fig. 4.36. Following the dashed line starting at
log10 λPN ≈−1.65, which is the case for the RJP = 675nm sized particle, the minimal position error
is two times the particle size (σmin ≈ 2RJP). However, at the point log10 λPN ≈ −0.7, which is the
case for the smallest investigated particle size (RJP = 250nm), the minimal position error is about
σmin ≈ 5RJP and hence by a factor of about 2.5 larger.
To test this phenomenological equation and to understand the dependence of the experimen-
tally obtained position error with size, numerical calculations have been performed, designed as
follows. The particle’s motion and rotation is restrained to be two-dimensional. The particle
motion was simulated step by step with a time lag τstep significantly smaller than the laser heating
duration τlaser, or the exposure time of the system τexp, to capture the influence of the rotational
motion of the particle within the experimental timescale ∆t. Within each step the rotational and
translational displacement was obtained according to the rotational and translational Brownian
motion within τstep. After each experimental timescale ∆t the position and orientation of the
particle was checked. In dependence on the orientation relative to the target φ and the acceptance
angle θ, the particle is either propelled along its orientation no for the laser heating period τlaser or not.
Eq. 4.56 suggests that the position error is proportional to the ratio of the translational and rota-
tional diffusion coefficient and therefore should be independent of temperature or viscosity of the
system. To test this conclusion, the numerical calculation has been performed for different ambient
temperatures by rescaling the rotational and translational Brownian motion accordingly. Since both
diffusion coefficients depend similarly on the viscosity and temperature, it is sufficient to focus on
the temperature. The temperature has been varied from 200K up to 400K. The particle radius was
set to RJP = 500nm and the viscosity to η = 0.0009Pas. For each temperature sufficiently long
trajectories were obtained in dependence on the phoretic velocity uth and acceptance angle θ. Similar
to the experimental results, the position error becomes minimal for a certain parameter set {uth , θ}.
Additionally, it has been checked that the position error either has converged to a constant value or
exhibits a real minimum. In other words, the parameter space is large enough to quantify the minimal
position error σmin. For this example the phoretic velocity was altered between 0µm/s and 60µm/s
and the acceptance angle between 0◦ and 120◦.
The minimal position error σmin is displayed in Fig. 4.37A as a function of the temperature. It is
visible that this quantity does not depend on a scaling of the rotational and translational diffusion
constant with temperature or with the viscosity. Only a slight increase with increasing temperature
is visible. This can be addressed to the increased rotational motion of the particle within the heating
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Figure 4.37: Results of the numerical simulations: (A) Displays the position error in dependence on the
ambient temperature. (B) Displays the linear relation between the ratio of the position error and particle radius
to the square root of the adjusted diffusion coefficient to the theoretical one (σ/RJP ∝
√
D/DR) for a constant
revolution number. (C) Illustrates the dependence of the position error on the experimental timescale and
revolution number, respectively. (D) Displays the comparison of the experimentally obtained size dependence
of the position error to the numerical estimate for different errors in the determination of the orientation.
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period, which in this case (τlaser τR) is negligibly small.
This circumstance makes the photon nudging algorithm very flexible and applicable to different
systems. The only question is: how does the phoretic velocity uth scale for a constant heating
power with the liquid viscosity? For a thermophoretic swimmer it has been shown in Sec. 2.2.1
that the thermophoretic mobility for a charged colloid scales inversely with the viscosity, DT ∝ 1/η,
(see Eq. 2.64) and thus also the transport velocity uth. But as long as the required velocity can
be achieved, the photon nudging algorithm works independently of the temperature or viscosity.
It should be pointed out that the system of a thermophoretically driven particle is not isothermal
and for such a system additional effects might occur, e.g. hot Brownian motion,76–78 where the
translation and rotational diffusion coefficient scales differently for a heated particle. Also other
phoretic mechanisms might influence this dependence, but at this point only the general dynamics
induced by the photon nudging algorithm are of interest.
The second part of the numerical simulations aims to test the validity of Eq. 4.37. For this purpose
the numerical calculations were repeated using similar particle sizes as in the experiments. The
rotational diffusion coefficient is set to the theoretical value for each particle size and the translational
diffusion coefficient has been varied between 0.25D0 and D0. Additionally, the revolution numbers
were kept constant at λPN = 0.1. The effect of the revolution number will be discusser later.
Fig. 4.37B displays the ratio of the position error and the particle radius σmin/RJP as a function
of
√
D/Dtheo. Two features are visible. First, this visualization displays a linear relation between
σmin/RJP and
√
D/Dtheo. Second, the proportionality constant is mostly independent of the radius in
the case of a constant revolution number.
To clarify the impact of an altering revolution number, the following numerical study was performed.
The exposure time was kept constant, but the experimental timescale has been varied between
∆t = τexp = 15ms and 900ms. The translational and rotational diffusion coefficient was chosen
accordingly to an RJP = 500nm sized particle at T = 300K and η = 0.0009Pas. The heating duration
is equal to the exposure time. Again the minimal position error σmin was obtained. Fig. 4.37C
displays this quantity in dependence on the experimental timescale and the revolution number,
respectively. This numerical study shows the possibility to trap particles even for revolution numbers
λPN > 1. Only the technically relevant timescales τexp and τlaser have to be chosen accordingly.
As already pointed out, the error in the detection of the particle’s orientation is similar to the accep-
tance angles used within the experimental study of the photon nudging. To highlight the impact of
this quantity, numerical studies were performed where a Gaussian distributed error with a width of
θerror was added to the particle orientation at the point where the orientation is compared to the ac-
ceptance angle. In Fig. 4.37D the minimal position error σmin obtained from the numerical study was
compared to the experimentally obtained value for different θerror. First, the experimentally obtained
σmin is always larger than the value obtained for θerror = 0. This deviation becomes larger for smaller
particle sizes. The best agreement for the RJP = 500nm Janus particle between the experimentally and
the numerically obtained values can be found for θerror ≈ 40 ◦, which is similar to the value obtained
previously. For the Janus particle with RJP = 250nm only a rough approximation of the particle’s
orientation is possible, which tells whether the particle is somehow pointing to the target or not. The
reason for this large error can be assigned to two aspects. First, the simple tracking algorithm only
allows a rough pixel correlated determination of the particles position and orientation which becomes
worse for small particles. Second, the rotational and translational Brownian motion of the particle
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within each exposure is the physical limitation for the accuracy of the tracking. The RJP = 250nm
Janus particle has a translational diffusion coefficient of D = 0.244µm2/s. The particle undergoes an
average translational step of about 90nm within each exposure. This might be negligible, but on the
other hand the rotational motion with DR = 11.7rad/s reveals an average angular step of about 35◦
comparable to the acceptance angles used within the experimental study.
4.4.4 Rotational photon nudging
So far, only the position of the swimmer was controlled, but the particle’s orientation was not
accessible throughout the algorithm. The rotational Brownian motion, for this purpose, was
exploited as the realigning mechanism leading to a stochastic localization of the micro swimmer.
Here, the first experimental realization of rotational photon nudging will be presented. For this
purpose, V-shaped particles were prepared, which consist of SiO2 with gold evaporated on each edge














Figure 4.38: (A) Typical darkfield image of the V-shaped swimmer. The gold parts are pronounced in contrast
to the residual structure due to the strong scattering. The particle consists of three gold parts on each edge,
which are named as illustrated: ”center”, ”left” and ”right particle”. In addition, the fluorescence image of the
focused laser spot is displayed, illustrating the size of the spot in comparison to the V-shaped particle and the
distance of the gold parts. (B–C) Shows two typical binary images at a threshold of about 50% of the maximum
intensity. Three spots are visible, which are the individual gold-coated parts. The tracking algorithm numbers
the particles in the order they appear from the left top corner to the right lower corner. In dependence on the
orientation of the particle the spots are numbered differently, which makes a clear identification of the center,
left and right particle necessary. (D) Numerical estimated temperature profiles for a similar structure within
FEM simulations in addition to its mirror plane (red dashed line). Illustration of the temperature profile when
the left particle is heated (or the right particle) and when the center particle is heated.
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determined individually and that each part can be addressed by a focused laser spot without heating
the others. The length of each arm therefore is 2µm.
The surface temperature profile of a spherical Janus particle exhibits rotational symmetry with
respect to its symmetry axis. The boundary velocity is proportional to the local temperature gradient,
and thus, shares this symmetry. The particle velocity along its orientation is the surface average
over the boundary velocity projected onto the orientation of the particle. Caused by the rotational
symmetry, the surface average over the components of the boundary velocity perpendicular to the
particle orientation vanishes preventing any rotational motion caused by thermophoresis. To achieve
a rotational motion of the particle by thermo-osmotic surface flows the temperature gradient has
to be asymmetric with respect to a mirror plane. In the following Sec. 4.5 such an asymmetric
surface temperature profile is realized by an external heat source leading to a rotational motion of the
spherically symmetric Janus particle in an external temperature profile.
By heating the individual parts of the V-shaped structure, such an asymmetric temperature profile
can be achieved by the particle itself, as displayed in Fig. 4.38D. This figure shows the simulated
temperature profile for an approximate structure. The center image thereby displays the geometry
with its mirror plane (red dashed line). The left image is a representative example of the temperature
distribution when the left gold part is heated. In contrast to the case where the center particle is
heated (right image), the temperature distribution becomes asymmetric with respect to the mirror
plane. This additional asymmetry will lead to a rotational motion of the particle, as will be analyzed
further in detail.
Before the particle motion is quantified in dependence on the heated gold part, first a description of
the particle position and orientation tracking is given. For each frame a binary image at a threshold
of about 50% of the maximum intensity was obtained. Since the gold parts are visibly brighter than
the residual structure (see Fig. 4.38A) in the binary image three spots occur, as visible in Fig. 4.38B
and C. For each spot the position is determined. The center position of the V-shaped particle then is










with r1p, r2p and r3p being the individual positions of the gold parts as depicted in Fig. 4.38B and C.
To obtain the orientation of the particle, it is used that the length of the two arms of the V-shaped
structure is smaller than the distance between the left and right gold patch. Since the tracking algo-
rithm numbers the gold parts in the order they appear, their sequence might alter in dependence on the
particle orientation, which is highlighted in Fig. 4.38B and C. The following discussion is based on
the example depicted in Fig. 4.38B. The center particle is tracked first and its position is r1p. Second,
the left particle is tracked (r2p) and the right gold particle is the last tracked spot (r3p). To determine the
orientation, first the two spots which have the largest distance need to be identified. For this purpose
the following vectors are defined:
d12 = r1p− r2p, (4.58)
d23 = r2p− r3p, (4.59)
d31 = r3p− r1p. (4.60)
(4.61)
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Within this example |d23| is the largest distance. From this calculation the center particle can be
identified, but the left and right particle are still unidentified within the algorithm. They can be
obtained by first calculating the orientation of the particle, which is the half of the maximum distance





whereby the indices alter in dependence on which particle is identified as the center particle. However,
the difference between the binary images depicted in Fig. 4.38B and C illustrates that the identifica-
tion of the left and right particle is correlated with the particle orientation. Which part is tracked first
alters with the particle’s orientation. For a distinct identification the norm of the cross product of the
orientation vector and the maximum distance vector (in this case: |no×d23|) can be calculated. In
the case depicted in Fig. 4.38B the sign of the cross product is negative and r2p can be identified as
the left particle and r3p as the right particle. In the scenario illustrated in Fig. 4.38C the cross product























































Figure 4.39: Shows example trajectories of the particle’s motion when an individual gold part is heated. The
color code indicates the time evolution. The red color represents the beginning and the blue color the end of
the trajectory. The image of the particle thereby displays the orientation of the particle at the beginning of the
motion and the red dot which part was heated.
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This algorithm ensures that the particle’s position and orientation is tracked properly and each part
of the particle is identified correctly independent of the particle’s orientation. The next part of the
discussion aims to describe the dynamics of the V-shaped particle if it is heated.
Fig. 4.39 displays example trajectories where the center, left or right part is heated. When the
center particle is heated the V-shaped particle is propelled with the top ahead and additionally
exhibits a clockwise rotation. The color of the trajectory indicates the time evolution, where the
red color represents the starting point and the blue one the end of the trajectory. The inset displays
the particle’s initial orientation and the red circle indicates the heated patch. The reason for the
additional rotation is most probably the asymmetric shape.
When the right gold part is heated the particle exhibits a clockwise rotation, whereas it exhibits a
counter clockwise rotation when the left gold patch is heated. Additionally, a directed translational
motion is visible here. This arises from additional optical forces acting on the particle due to
the focused laser spot. The heating power was about 2mW for the left and right particle and
approximately 0.7mW for the center particle. Again the reason for lower heating power, which was
used for the center particle is related to the radiation pressure caused by the focused laser. For higher
heating powers the particle stopped just moving.
To quantify the translational motion, the translational step of the center of mass ri+1p − rip of two
sequential frames was projected onto the particle orientation no and divided by the experimental
timescale ∆t = 20ms. Fig. 4.40A displays the probability to observe a certain step along the particle’s
orientation. When the center gold patch is heated the particle’s velocity is about uth = 2µm/s,
which is similar to the case when the right gold part was heated. Note that the center gold patch is
heated with less than half of the intensity that was used to heat the other parts. Another aspect is the
rotational motion induced by the selectively heating of the V-shaped structure.
For this purpose, the rotational step of two sequential frames was calculated. Fig. 4.40B displays the
probability to observe a certain rotational step. The rotational velocities are about 150 ◦/s for the
heated right and left gold part and about 40 ◦/s for the center gold patch. Within one experimental
timescale (∆t = 20ms) this photon nudging algorithm can reorient the particle about 3◦ which is
similar to the rotational Brownian motion (DR = 0.1rad2/s). The value of DR was obtained by the
width of the Gaussian distribution and the rotational velocity by the horizontal shift.
In the ideal case, the rotational velocities would be equal, but oriented in the opposite direction for
the left and right gold part, and zero for the center gold patch, which is contrary to the observation.
The asymmetry, which is a result of the non-ideal shape, becomes visible when the time evolution
of the particle’s orientation is considered. While the rotational velocity seems to be constant when
the right gold part is heated as displayed in Fig. 4.40C, the rotational motion is more complex (see
Fig. 4.40D) when the left gold patch is heated. However, this asymmetry also has the advantage
that this particle can be seen as a 2D chiral structure. Concerning multiple particle interactions, at
high densities such particles might exhibits coherent effects related to the chirality of the individual
particles.
Beside the possibility to steer the rotational motion of the particle, the direction of the particle motion
and rotation indicates that the phoretic mobility has a different sign in comparison to the spherical
plastic particles used in the other experiments. For the spherical particles, the direction of motion
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Figure 4.40: (A) Step size distribution along the particle orientation for heating the center, right or left gold
part in comparison to the unheated particle. (B) Rotational step distribution of the particle for heating the
center, right or left gold part in comparison to the unheated particle. The red curve displays a Gaussian fit to
extract the rotational diffusion coefficient. (C) Time evolution of the particle’s orientation for heating the right
(left image) or the left gold patch (right image). By heating the right particle the rotation of the particle follows
a sine function (black curve) with a constant frequency.
uth = −DT∇||T points along the negative gradient resulting in a positive phoretic mobility DT. In
the case in which the center gold part is heated, the temperature gradient points toward the forefront.
Since the phoretic velocity is proportional to the negative temperature gradient, the phoretic mobility
has to be negative to ensure a motion which points in the same direction as the negative gradient.
Similar to the rotational motion of the particle, the direction of rotation should be reversed. Consid-
ering the heating of, for example, the left gold part, the temperature gradient is only located at the
left arm pointing towards the heat source. For a positive DT this arm would be propelled towards the
residual structure leading to a clockwise rotation. Since the opposite is observed (see Fig. 4.39), also
for the rotational motion the mobility of the V-shaped structure is negative. The geometry itself can
be excluded as an explanation. The particle net velocity uth is the negative surface average of the slip
velocity as presented in Sec. 2.2.1. The most possible reason is that high salt concentrations of NaCl
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ηT ) driving the particle to the opposite direction.
4.4.5 Summary and outlook
Within this section the possibility to gain control over multiple micron-sized self-propelled particles
simultaneously has been explored. It has been shown that with simple feedback rules trapping and
guidance is achievable. The advantage of this method relies on the exploitation of the rotational
motion as the realigning mechanism instead of applying external forces. The key ingredients are
a switchable driving mechanism and real time feedback deciding in dependence on the particle’s
position and orientation relative to a target to switch the propulsion engine on or off. In detail,
whenever the particle faces the target position and thus its orientation relative to the target φ is
smaller than an arbitrarily pre-defined acceptance angle φ < θ, the self-propulsion is turned on.
The first part of this section investigated the ability to localize a self-thermophoretic Janus particle
at the target position by these feedback rules. It has been shown that the stochastic heating leads
to an effective radial flow of the particle towards the target position. This flow competes with the
Brownian translational motion leading to a possible localization at the target position quantified
by the position error σ depending on the experimental parameters (acceptance angle θ and heating
power P0). For a specific pair of acceptance angle and heating power the best localization can be
achieved. The outplay of one stochastic process against each other reveals an interesting scaling of
this position error or localization accuracy with the particle size. It could be shown that the position
error is directly proportional to the particle radius and its value is conform to the particle diameter
σ≈ 2R.
Beside the interesting rotational-translational coupling and the first passage issue for the rotational
motion leading to a power-law dependence of the duration when the particle is unheated, this photon
nudging procedure has several practical advantages. The particles are steered force-free within the
fluid enabling the possibility to gather and trap a defined number of particles to study, for example,
their interactions and collective motion without introducing additional forces such as in optical
tweezers. This aspect is highlighted within the subsequent section.
Within the second part, this feedback rule was extended to acquire control over the orientation of
special V-shaped particles (in cooperation with Prof. Dr. Peer Fischer, Max Planck Institut für
Intelligente Systeme, Stuttgart). These particles consists thereby of SiO2 wit three gold patches, one
at the forehead and one at the tip of each arm (length 2µm). Each gold patch can be addressed by the
focused laser beam, inducing directed propulsion along the particle’s orientation if the center gold
patch irradiated or rotational motion if one of the other gold parts is illuminated by the laser beam.
Furthermore, the feedback rules can be extended to imprint a desired behavior onto the particle’s
self-propelled motion. For example the particle can be brought to interact with an arbitrary target or
other particles. Such an example is displayed in Fig. 4.41A. It shows the two-dimensional probability
distribution of the position of the particle around the target located in the center of the image. It is
visible that the particle is localized at a ring around the target position with a distance of r0 = 5µm
(black dashed line), caused by a virtual effective interaction potential. This effective interaction
potential is realized by adjusting the particle’s velocity in dependence on the position to the target by






















Figure 4.41: (A) Two dimensional probability distribution of the particle’s position around the target (center
of image). The black dashed line represents the minimum distance r0. (B) Radial velocity as a function of the
radial distance to the target position. The red curve represents a linear dependence of the radial velocity on the







with a being some kind of interaction constant and r0 the position of the target. Since a negative
phoretic velocity is not possible, the laser heating was turned off for these cases. As depicted in
Fig. 4.41B, the effective radial velocity (red curve) depends linearly on the radial distance to the
target. Thus, the effective interaction potential is similar to an effective harmonic potential. Note that
all events with uth = 0 where excluded here. These events are also the main part of the trajectory
basically caused by the power-law dependence of toff. These results are, however, first measurements
on this topic and the details are more complex and part of future investigations. Furthermore, a
particle can be chosen as the target position of an other particle creating an effective interaction
potential between both. By extending this to multiple particles this can be used as a model systems
for models describing swarming of actively driven objects.
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4.5 Particle interaction
Objects able to propel themselves in a directed manner often exhibits coherent and collective motion
at higher particle densities. This emergent motion can be observed across various length scales of
biological systems, like human crowds, fish, birds, insects down to microscopic organisms, such
as bacteria or sperms.58, 59 This collective motion is a result of specific interactions between each
member of the ensemble and the residual organisms. The complexity of these organisms and their
advanced ability to interact and adapt the state of motion to their neighbors suggests a complex
interaction scheme allowing them to organize in complex structures.
Recently, artificial micro-swimmers have been designed, being capable to self-propel in a directed
manner. Such swimmers form, similar to their biological counter-parts, at high particle densities
swarms, flocks and dynamical clusters.51, 54–57 Their ability to interact is limited by simple attraction,
repulsion and alignment, which gives rise to the existence of very basic cross-system mechanisms
sufficient to drive collective motion.
In the last decades, numerous types of such artificial swimmers, like self-photophoretic,46, 47, 151
self-diffusiophoretic49–51 or self-electrophoretic52, 53 swimmers have been proposed. Even though,
the origin of the self-propelled motion is based on completely diverse effects, they have several
common features. These particles, when self-driven through a viscous medium create a special
velocity field in their surrounding67–69 in addition to non-uniform temperature profiles ψ(r) = T (r)67
or concentration profiles ψ(r) = c(r),70 depending on the detailed propulsion mechanism in their
close proximity. Thus, the interaction can be mediated through hydrodynamic flow patterns or
inhomogeneous profiles fixed to each individual particle.
The observed formation of a coherent and collective motion of such particles is well supported
by numerical calculations.60–66 The understanding of this transition from a mainly undirected
and random motion of each individual particle to a global synchronous motion in a (thermal)
non-equilibrium system is, however, incomplete. The lack of understanding can be partly
related to the missing experimental possibility to study the interactions of a specific number of
particles and selectively addresses individual interaction mechanisms apart from the whole ensemble.
The aim of this study is to provide a method to gather and trap a well-defined number of active
swimmers in order to study specific interactions between these particles. This method is realized
by extending the previously described photon nudging algorithm122, 123 (see Sec. 4.4) and using the
capability of the setup to track and address multiple particles as shown in Sec. 3.1.1.
Based on this method, first and very basic experiments are presented to advance this rather broad
topic of multiple particle interactions. In the following the role of the temperature profile created in
the surrounding of each Janus particle upon the other is investigated. To distinguish the interaction
mediated through the flow pattern and the impact of the temperature profile on the motion of the
others, the experiments are simplified by replacing the actively-driven Janus particle by a local
radially symmetric heat source, namely an Rau = 125nm gold colloid. A Janus particle is then
brought in close proximity to the heat source. While the particle itself is unheated, but placed in the
external temperature profile, it exhibits an induced translational and rotational motion, which is the
subject of this study.
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This section starts with a description of the method used to keep the Janus particle close to the heat
source. Followed by this, the experimental results are presented and discussed. This part compares
the results to the analytical theory developed by Bickel et al. in Ref. 159. For this purpose similar
notations were used. Afterwards, the differences to the theory are highlighted by additional numerical
calculations and the role of the substrate is discussed.
4.5.1 Developed method to investigate the interactions of active swimmers
The method described below aims to collect a well-defined number of particles in a certain area
to perform specific experiments on them. First, this method is described in a general manner and
then adjusted according to the experiments. It is designed as depicted in Fig. 4.42 and structured
as follows. First two radii are defined, an inner radius ri and an outer radius ro. In the case that
one or more particles exceed the outer radius (case I; see Fig. 4.42), the photon nudging algorithm
is activated and the particles are nudged towards the center until they are located within the inner
radius. When all particles are within the inner radius, the procedure waits a specific amount of
time (case II). This waiting-time τD, typically multiples of the rotational timescale of the particles,
ensures that any preferred orientation of the particles relative to each other induced by the algorithm
vanishes. Such a preferred orientation can be caused by the photon nudging itself, which only
propels the particles toward the center when their orientations are facing the target. After passing this
timescale, the actual experiment starts (case III) until one or more particles leave the outer radius.







Case I Case II Case III
Photon nudging until all particles
are within ri
wait until the orientation
 randomizes
do the experiment until one particle leaves ro
Figure 4.42: (top) Schematic illustration of the sequence designed to trap a defined number of particles and
investigate their collective motion. (bottom) Typical time trace displaying the rare heating of the Janus particles
(blue curve) to trap them by photon nudging, followed by the waiting time τD and the actual experiment (black
line).
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As mentioned, the experiments within this section focus on the investigation of the impact of a
radially symmetric temperature profile generated by an Rau = 125nm gold colloid on a passive
(unheated) Janus particle with RJP = 500nm. Thus, the method is adjusted as follows. The gold
colloid is immobilized at the upper glass cover slip by the radiation pressure of the focused laser
beam and its position is set as the origin for the inner and outer radius. Its position is naturally
ignored within the procedure since it is always within ri. For the heating and photon nudging a
focused laser with a beam waist of ω0 ≈ 515nm at a wavelength of λlaser = 532nm and an incident
power of P0 = 0.75mW was used. The expected temperature increment of the particle can be
approximated to ∆Tau ≈ 12◦C (see Sec. 3.3.1 for details). The waiting time once the particle is
located within ri is set to τD = 1.5s, which corresponds to 5 times the rotational timescale.
Fig. 4.42 (bottom) displays an example trace showing the rare heating pulses (blue curve) used to
position the particle within ri, followed by the waiting time τD and the continuous heating of the gold
colloid (black line). Within each block, the time evolution of the position and the orientation of the
particle are recorded and analyzed.
4.5.2 Induced temperature profile
When the heated gold colloid is illuminated with the focused laser beam, it absorbs a portion of the
incident laser intensity that is transformed rapidly into heat, which is released into the environment.
In the stationary limit a radially symmetric temperature profile around the colloid arises:
∆Ψ(r) = ∆TauRau/r, (4.64)
with ∆Tau being the surface temperature of the gold colloid, Rau the particle radius and r the distance
to the heat source. The Janus particle, whose thermal conductivities differ from the surrounding
solvent, acts as an impurity, and therefore, alters the heat-flow locally. Thereby the temperature
profile on the swimmer’s surface is of interest. These temperature profiles were obtained using FEM
calculations (Comsol 4.2.).
In Fig. 4.43B–D, three examples are depicted, each displaying the temperature profile in the plane
containing the heat source and the Janus particle in addition to the boundary velocity vB and the parti-
cle velocity uth for different orientations of the particle to the heat source. For all three cases the gold
cap is mostly isothermal, which is a result of its high thermal conductivity (gold κau = 318W/(mK),
polystyrene κps = 0.08W/(mK)). Along the polystyrene surface a non-uniform temperature profile
occurs leading to a boundary flow proportional to the local surface temperature gradient ∇||T(θ):
vB (θ) = µ(θ)∇||T (θ) . (4.65)
The proportionality constant µ(θ) describes the local phoretic mobility. In the following it is assumed
that µ(θ) is constant but different for the gold (µau) and polystyrene surface (µps). The resulting

















with Sps being the polystyrene surface, Sau the gold hemisphere and S = Sps + Sau. Since the
temperature gradient along the gold hemisphere is finite but small, the second addend is typi-
cally neglected. This is true for self-driven Janus particles with the gold hemisphere being the
heat source. In this case, the temperature profile is generated externally and a weak gradient
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Figure 4.43: (A) Displays the main notations. (B–D) Representative examples of surface temperature profiles
for a center-to-center distance of about 1.5µm to the heat source. (B) Comparison of the induced temperature
profile along the particle orientation for φ = 0◦ to the theoretical approach for a self-driven Janus particle (red
curve).67 (C) Illustrates the temperature profile in the case in which the polystyrene surface is facing the heat
source (φ = 180◦). Here, the polystyrene side is hotter that the gold cap, which is in contrast to φ = 0◦. (D)
The temperature profile for a tangential orientation (φ = 90◦) to the heat source represents the most common
case of an asymmetric temperature distribution with respect to the symmetry axis of the particle.
arises due to the finite thermal conductivity and the large spatial extension of the gold cap. In the
end of this section it will be shown that the gradient along the gold hemisphere is not easily negligible.
The form and magnitude of the gradient on the polystyrene surface vary with the orientation φ, as
visible in Fig. 4.43B–D, which is due to the different thermal conductivities of gold and polystyrene
along the particle’s symmetry axis. The first two examples illustrate the repulsive nature of the
external temperature profile on the Janus particle. In the case where the gold cap is facing the heat
source (φ = 0◦), the temperature profile is identical to that profile a Janus particle will create if it is
heated directly by a laser beam.67 Consequently, the particle is propelled with the polystyrene side
ahead for this case. For φ = 180◦, however, the polystyrene side faces the gold colloid and becomes
visibly hotter than the gold side, leading to a surface temperature gradient ∇||T(θ) pointing in the
opposite direction. Therefore, the particle is driven in the opposite direction than for φ = 0◦, with the
gold side ahead.
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Beside the translational motion of the particle, the induced temperature profile might impose an angu-
lar velocity caused by an asymmetric temperature profile along the surface, as depicted in Fig. 4.43D.
Here, the particle orientation is tangential (φ = 90◦) to the heat source. The angular velocity is then







We start this discussion with the relative orientation of the particle to the heat source φ. As already
explained, the external temperature profile induces an inhomogeneous temperature distribution on
the particle’s surface. In most cases this temperature distribution is not only asymmetric along the
particle symmetry axis, but also tangential to it. Therefore, a rotational velocity is expected as
described by Eq. 4.67 reorienting the particle in the temperature profile. The existence of such an
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orientation relative to heatsource ; φ [°]
with heating without heating
Figure 4.44: Displays the normalized probability to find a certain orientation φ of the Janus particle relative to
the heat source. For small distances the particle tends to prefer to align relative to the heat source (φ = 0). This
polarization decays with the distance to the heat source. In contrast the probability stays equally distributed for
all distances if the gold is unheated.
Fig. 4.44 displays the probability to observe a certain orientation φ of the Janus particle relative to
the heat source for different distances to it. These distances are measured from the center of the heat
source to the center of the Janus particle. When the particle is close to the heat source, the probability
to observe the particle in the configuration that the gold cap is facing the heat source is enhanced.
The minimum probability is found for φ = 180◦, being the case in which the polystyrene side is
facing the gold colloid. This polarization becomes weaker the larger the distance of the particle to
the heat source is.
Therefore, the induced temperature profile tends to reorient the particle parallel to the radial unit
vector no||er. Also, in the case of φ = 180◦ the surface temperature profile is symmetric and there is
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no angular velocity. Nevertheless, this orientation is metastable. Additionally, Fig. 4.44 displays the
reference measurement in which the gold colloid was still present but unheated. Here, the probability
distribution is flat and independent of the distance. The larger noise level is due to the lower amount
of statistics.
This static point of view indicates an alignment of the particle towards the heat source, and therefore,
an angular velocity reorienting the particle. This angular velocity has to depend not only on the
distance proportional to the local external temperature gradient ∇Ψ(r), but also on its orientation
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Figure 4.45: (A) Shows the dependence of the mean angular velocity, which reorients the particle on the
distance of the particle to the heat source. A distinction is made by the relative location of the particles
orientation no relative to the radial vector er. This results in a clockwise (blue curve) or counterclockwise
rotation (red curve). (B) Represents the magnitude of the angular velocity for different relative orientations φ
in comparison to the theory159 (dashed line) and the numerical estimate (red curve).
To quantify this, first the angular velocity Ω was obtained in dependence on the distance. For this
purpose the angular step of two sequential frames was obtained from the trajectory and divided
by the inverse frame rate (τexp = 15ms). Additionally, it is essential to distinguish the angular
steps by their initial orientation relative to the radial direction to the heat source (see Fig. 4.45A
inset). Without this distinction the average would always give a zero angular velocity. By averaging
sub-ensembles for different distances from the heat source, two curves can be obtained, which are
displayed in Fig. 4.45A. Both curves have a similar slope but of different sign. The absolute value
starts for both at 100 ◦/s and decays with the reciprocal squared distance (dashed line). This distance
dependence agrees well with the dependence of the external temperature gradient ∇Ψ(r) ∝ 1/r2.
The meaning of the sign is depicted by the graphics in the inset. A positive angular velocity results
in a counterclockwise rotational motion and a negative angular velocity in a clockwise rotation.
However, this angular velocity is only an average angular velocity since it depends on the orientation
of the particle to the heat source φ. Assuming a sinusoidal dependence of the angular velocity with φ










4.5 Particle interaction 127
By averaging the angular steps in sub-ensembles for different orientations φ instead of different
distances, the φ-dependence of the angular velocity can be resolved. Fig. 4.45B displays this quantity
in dependence on the orientation relative to the heat source in contrast to the analytically obtained
values (dashed line)159 and the numerical estimate evaluated in Sec. 4.5.2 (red curve).
As expected, the angular velocity is zero for φ = 0◦ and φ = 180◦ and exhibits a maximum at ori-
entations slightly larger than 90◦. The obtained data points are nicely represented by the numerical
calculation. The difference between the numerical estimate and the analytical solution, which is ba-
sically a sine function, is related to the simplified temperature gradient, which was assumed for the
analytical solution. There, the temperature gradient is given by the external temperature profile and
independent of the orientation of the particle. Within Ref. 159, the following analytical solution for








a correction factor due to the different thermal conductivities κs of the solvent and κp of the particle.








and the surface temperature increment of the gold colloid ∆Tau ≈ 12K (see Sec. 3.3.1 for details),
Eq. 4.69 can be used to fit the data displayed in Fig. 4.45A to obtain the phoretic mobility:
µ− = 0.75µm2/(sK). Since the temperature is mostly isothermal on the gold surface it is assumed
that only the polystyrene contributes to the angular velocity with µ− = µps and κp = κps.
Since the temperature profile used for the analytical calculation (∇||T (r,θ) = ζΨ(r)sinθ) is
fundamentally different from the numerically estimated temperature profile (see Fig. 4.43), it is
expected that also the formula for the angular velocity has to be different. Thus, the obtained
phoretic mobility might be different. Indeed, the results based on the numerical calculation exhibit
not only a different phoretic mobility, but also a different dependence on µps and µau as given by
Eq. 4.70. However, this discussion is proceeded by presenting the induced phoretic velocity. The
details of the calculation are presented and discussed later in Sec. 4.5.6 to not disturb the reading flow.
4.5.4 Induced linear velocities
As shown in the previous subsection, the temperature profile induced on the particle’s surface leads
to an alignment of the particle towards the heat source. The origin of the angular velocity is basically
a result of the asymmetric temperature distribution along the particle surface with respect to the
particle’s symmetry axis. Due to this asymmetry, the direction of the translational motion does not
necessarily point along the particle’s orientation, as displayed in Fig. 4.43A.
The deviation of the direction of the particle’s velocity to the particle’s orientation can be quantified
by the angle Θ, being enclosed by both (see Fig. 4.43A). This angle Θ is investigated below in
dependence of the orientation of the particle relative to the heat source φ for different distances r
of the particle to the heat source. Due to the azimuthal symmetry the determination of Θ has been
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performed in the particle frame of the Janus particle in dependence on φ and r.
In the experiment the particle undergoes a translational step ∆si = ri+1− ri consisting of a diffusive





i = 0) and only the directed motion in the particle frame (PF) remains:
uPFth (φ,r) = 〈∆si〉i /∆t, (4.71)
with ∆t = 15ms. The direction of motion Θ(φ,r) is enclosed by uPFth (φ,r) and the particle orientation
in the particle frame. In Fig. 4.46A, Θ is displayed as a function of φ. The dashed line represents the
case in which the particle is propelled along the radial direction Θ = φ for any orientation relative to
the heat source. The experimentally obtained data points nicely follow this line and are supported
well by the numerical estimate (red curve). The reason why the particle is propelled mostly in
radial direction can be found by imagining that in the case of a blank polystyrene bead, the external
temperature profile induces a temperature profile on the particle’s surface whose gradient is parallel
to the radial direction, and therefore, also its velocity. The Janus particle adds a symmetry to the
system which depends on the particle orientation. The direction of motion is then defined by the
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Figure 4.46: (A) Displays the direction of the particle motion in dependence on φ for different distance from
the heat source. The black dashed line indicates the case θ = φ in which the particle is propelled in radial
direction. The experimentally obtained data points are well supported by the numerical estimate (red curve).
The absolute value of the velocity is displayed in (B) in dependence on the distance to the heat source for
different φ in a double-logarithmic plot. The dashed line highlights the 1/r2 dependence. Only the absolute
value for each distance depends on the orientation φ, which is displayed in (C). Here, the absolute value of the
induced phoretic velocity is displayed for different φ at a distance of about 1.25µm. It exhibits the maximum
velocity at φ = 0◦, followed by a minimum at φ = 90− 120◦. The maximum velocity is twice as large as the
minimum. For φ = 180◦ again a maximum is reached which is visibly smaller than the first maximum. This
dependence is supported by the numerical calculations (red curve).
Beside the direction of motion, also the magnitude of the phoretic velocity depends on the orientation
and also on the distance. Fig. 4.46B displays the distance dependence of the induced phoretic
velocity uPFth for different orientations relative to the heat source in a double-logarithmic plot. All
curves decay with the reciprocal squared distance (dashed line) and are, therefore, proportional to
the external gradient ∇Ψ(r). In contrast to the analytical solution, the magnitude of the phoretic
velocity depends on φ. This dependence is displayed in Fig. 4.46C. Here, the absolute value at a
distance of about 1.25µm is shown as a function of φ. The maximum velocity is reached at φ = 0◦
and decays to half of its value at an angle φ slightly larger than 90◦. The velocity again reaches a
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maximum at φ = 180◦, but the magnitude is, however, smaller than for φ = 0◦. This dependence is
nicely supported by the numerical estimate.






with µ+ = µps + µau, the phoretic mobility µ+ can be obtained. It should be noted that this
comparison might lead to wrong values for the phoretic mobility, as will be discussed later.
However, to compare the experimental data with Eq. 4.72, the experimental data on the radial
distance has been averaged beforehand. By fitting the experimental data with Eq. 4.72 and as-
suming a temperature increment of 12K (see Sec. 3.3.1 for details), µ+ ≈ 0.71µm2/(sK) is obtained.
Since both µ− and µ+ are mostly equal, it can be concluded that µau ≈ 0 and only the temperature pro-
file on the polystyrene side generates a slip flow with µps ≈ 0.73µm2/(sK). This value is, however,
by a factor of two smaller than the value for polystyrene colloids in a constant external temperature
gradient µlitps ≈ 1.5µm2/(sK)28 (DT ≈ 1µm2/(sK) at 20◦C and DT =−23 µ for spherical colloids).
reference experiment
Since these velocities were corrected by the reference experiment performed without the gold colloid
it is necessary discuss it in detail. Due to the spatial extension of the laser beam (ω0 ≈ 500nm), the
motion of the Janus particle is directly influenced for distances smaller than 1µm. This becomes
most obvious in Fig. 4.47A. There, the particle velocity uth is displayed as a function of the particle’s
distance to the laser beam. It is visible that this velocity is mostly independent of φ. Furthermore, the
radial velocity follows nicely the Gaussian shaped intensity profile (green dashed line). The radial
velocity (Fig. 4.47B), however, is positive for φ = 0◦ and negative for φ = 180◦. Even though the
major effect has vanished beyond r = 1µm, the remaining velocity is not negligible and has been
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Figure 4.47: Phoretic (A) and radial velocity (B) as a function of the particle’s distance to the center of the
laser beam for different orientations φ.
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4.5.5 Importance of the substrate
The results shown and discussed above fit nicely to the concept of a phoretic motion induced by an
external temperature profile causing a slip flow on the surface of the Janus particle. As mentioned,
these results were obtained on Pluronic-treated glass cover slips. The use of this treatment is to
reduce the sticking of the Janus particles to the surface, which happens quite often at bare glass cover
slips. However, commonly the influence of the surface of the fluid cell is neglected. The following
results will illustrate that such arguments might fail in general. Here, the above described experiment
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Figure 4.48: (A) The radial velocity in dependence on the center to center distance of the Janus particle and the
heat source for three different orientations of the particle relative to the heat source. (B) Distance dependence
of the mean angular velocity. (C) Probability to observe a certain orientation φ for different distances from the
heat source.
Interesting is that the absence of the surface modification leads to a complete absence of any
previously observed effect. The radial velocity of the particle, as depicted in Fig. 4.48A, is zero for
all orientations relative to the heat source φ. Similarly the angular velocity (Fig. 4.48B) is completely
absent. The polarization of the angle φ and the preferred alignment is only slightly visible for the
smallest distance of 1.1µm. This alignment is, however, caused by the direct heating of the Janus
particle for small distances and cannot be corrected that easily as for the velocities.
These results demonstrate the importance of the substrate in thin film experiments on the observed
motion of the (thermo)phoretically active particles. In Sec. 4.1.5, it has been shown that the impact of
the thermo-osmotic flow on passive colloidal particles is sensitive to the ratio of sample thickness and
the particle diameter. A passive particle can either be pulled toward the heat source if H/2R < 1.15
or pushed away by the thermo-osmotic substrate flow if H/2R > 1.15, as visible in Fig. 4.11. If
now the particle itself is thermophoretically active, it is able to overcome the background flow in
dependence on the ratio of the mobility of the substrate and the particle and H/2R. The mobility
of glass µGl ≈ 0.3µm2/(sK) and Pluronic µPl ≈ 4.4µm2/(sK) has already been estimated in
Sec. 4.1. In Sec. 4.2 the mobility of the polystyrene surface has been shown to be similar to the
one of the glass substrate. At this point, it is not possible to judge whether the observed phoretic
motion of the Janus particle is caused by thermo-osmotic flows on the Janus particle or due to the
thermo-osmotic substrate flow.
To clarify this, numerical calculations have been performed, designed similarly as in Sec. 4.2. The
only difference is that the heat source is an Rau = 125nm sized gold colloid and the Janus particle










Figure 4.49: Principle design of the sample geometry for the numerical calculation.
is unheated. Additionally, the Janus particle is displaced with respect to the heat source as depicted
in Fig. 4.49. The calculation was performed for different sample thicknesses assuming different
mobilities of the Janus particle surface µJP and the substrate interface µsub.
The total force Fx, calculated using Eq. 4.21, is displayed in Fig. 4.50 in dependence on the sample
thickness H (or H/2RJP) for different ratios of µJP/µsub, where µsub has been kept fixed and positive.
A negative force Fx represents the case where the Janus particle is pulled towards the heat source.
It is visible that as long as the mobility of the Janus particle is comparable to the mobility of the
substrate, the particle is moving away from the heat source. Only for the case where the mobility
of the substrate is in the minimum by a factor of two larger than for the particle, the particle is
driven by the thermo-osmotic flow towards the heat source. This finding is in clear contrast to
the experimental results. On the Pluronic-coated substrate (µJP/µsub  1) the particle exhibits a
thermophobic behavior, where it is driven away from the heat source, and no motion was observed
on the glass cover slips for µJP/µsub ≈ 1.
This contradiction might be resolved by calculating the particle velocity uth. In the numerical
calculation the force Fx is the body force necessary to keep the particle immobile. Thus, it can be
identified by the force a colloid of similar size is dragged with the velocity uth through the viscous
medium: the Stokesian force Fst = fstuth with fst being the Stokes friction. Since the particle
is located in a slit of confining cover slips, the Stokes friction is increased due to the additional
boundary conditions, as discussed in Sec. 2.1.2.
The estimated particle net velocity uth for different sample thicknesses at a distance r = 1µm is
displayed in Fig. 4.50B and in Fig. 4.50C in dependence on the distance to the heat source for a
thickness of H = 1050nm assuming four different scenarios for the mobility of the substrate and the
particle. It is visible that for the case µsub = µJP = µGl, the particle velocity is significantly below
1µm/s and thus not measurable throughout the experiment. For the other case assuming a Pluronic-
treated substrate, µsub = µPl, and a mobility comparable to the one of the glass substrate for the Janus
particle, µJP = µGl, the particle velocity is also below 1µm/s or even negative. Only when at least the
Janus particle has a similar mobility as the Pluronic-coated substrate, µJP = µPl, the net velocity of
the particle is similar to the velocity measured within the experiment on the Pluronic-treated substrate.
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Figure 4.50: (A) Total force in x-direction Fx in dependence on the sample thickness H or on the ratio of
H to the particle diameter 2RJP for different ratios µJP/µsub. A negative force represents a motion of the
Janus particle towards the heat source. (B) Obtained phoretic velocity in dependence on H for a distance of
r = 1µm to the heat source and (C) in dependence on r for H = 1050nm. Thereby, four different scenarios
were considered. The Janus particle and the substrate either have both the mobility µJP = µsub = µGl (blue
curve) or µJP = µsub = µPl (green curve), or one of both has the mobility of the glass substrate and the other of
the Pluronic substrate: µJP = µPl and µsub = µGl (black curve); µJP = µGl and µsub = µPl (red curve)
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The dashed line represents the phoretic velocity obtained by the surface average of the boundary
velocity vB (uth = −
∫
S vB dS/S). Note that the boundary velocity is a fixed boundary condition
throughout the numerical calculation unperturbed by any additional flow. The reason that this
velocity depends on the sample thickness is simply the altered temperature gradient across the
particle surface for increasing sample thickness caused by the presence of the glass cover slips. The
deviations of the black curve and the dashed line can be attributed to the deficiency of the analytical
expression for the Stokes friction in the gap as well as on the accuracy of the numerical calculation in
such thin film geometries (H/2R≈ 1). However, at this point this approximations should be sufficient.
Due to the thin sample geometry the particle is located close to both substrates for the whole measure-
ment. By moving along the substrate surface, the particle is possibly collecting a part of the adsorbed
Pluronic, leading to an enhanced mobility of the particle. The mobility extracted above with the help
of the analytical expression, µJP ≈ 0.75µm2/(sK) is, however, similar to the value obtained for the
bare glass surface, µJP ≈ 0.3µm2/(sK). The main issue related to the analytical formulas is that they
are obtained for a particle with a rather simple surface temperature profile ∇||T (r,θ) = ∇Ψ(r)cosθ.
The temperature profile of the Janus particle is, however, more complex, and thus, these results might
give wrong values. The mobility of the Janus particle can also be obtained using numerical calcula-
tions as discussed in the subsequent part of this thesis.
4.5.6 Estimation of the phoretic mobility based on numerical calculations
As presented above, only in the case the Janus particle has a similar phoretic mobility as the
Pluronic-coated glass substrate, a measurable phoretic velocity uth is expected. The explanation for
this effect was given by assuming that the absorbed Pluronic is collected by the Janus particle when
moving along the glass cover slips. Due to the spatial confinement, the Janus particle is located close
to both interfaces for the whole measurement time. By comparing the experimental results on the
linear and angular velocity of the Janus particle to the analytical expressions, a phoretic mobility was
extracted that is significantly smaller (µps = 0.75µm2/(sK) < 4.4µm2/(sK) = µPl). The reason
for this deviation can be found by considering, e.g., Eq. 4.72 (vR (r) = −ζ
µps+µau
3 ∇Ψ(r)). The
radial velocity is proportional to the external temperature gradient with the proportionality constant(
µps +µau
)
/3. In the case µps = µau = µ the prefactor reduces to 2µ/3 being equal to the solution for
a homogeneous sphere in a constant external gradient (see Sec. 2.2.1, Eq. 2.38). The results obtained
by Bickel et al. are displaying the analytical expression for a Janus particle without inhomogeneous
thermal conductivities, and thus, a simple symmetric temperature profile along the particle’s surface.
The Janus particles used within this thesis, however, have an inhomogeneous thermal conductivity
resulting in a more complex temperature profile. Thus, the analytical expressions fail to represent
the dynamical parameters correctly.
Another possibility to obtain the phoretic mobility of the polystyrene side and the gold hemisphere is
to compare the experimental results to a quantitative numerical calculation. The numerical calcula-
tion has been performed similarly as discussed in the previous subsection with a sample thickness of
H = 1150nm. Since a full hydrodynamical calculation is not necessary at this point the Janus particle
is designed as depicted in Fig. 4.23A. The polystyrene sphere has a radius of RJP = 500nm and the
gold hemisphere a thickness of about ∆r = 50nm. This is, however, a minor detail since the tempera-
ture profile is mostly insensitive to the actual form of the gold cap for sufficiently large Janus particles.


























Figure 4.51: (A) Surface temperature profile for φ = 90◦. (B) Temperature gradient ∇||T on the surface of
the Janus particle. Each arrow displays the direction of the gradient. The length of each arrow is normalized
within this illustration.
Fig. 4.51A again displays the surface temperature profile along the particle surface in the plane
containing the Janus particle and the heat source for φ = 90◦, and thus, a tangential orientation of
the Janus particle to the heat source. A complex temperature profile with temperature gradients
having a position-dependent sign is visible. It is obvious that the gold hemisphere exhibits a weak
temperature gradient due to its finite thermal conductivity. In contrast to the polystyrene surface
the sign of this gradient is constant over the whole gold hemisphere. This figure should illustrate
that along the polystyrene side strong temperature gradients are present, but mostly canceling each
other (for φ = 90◦). This is also a reason why the smallest phoretic velocity is found at φ ≈ 90◦
(see Fig. 4.46 or Fig. 4.52). For the angular velocity, the same argument can be made. The sign of
the angular velocity depends on the position on the polystyrene surface, but is constant for the gold
hemisphere. Since both Eq. 4.66 and Eq. 4.67 require a surface averaging, this picture becomes more
complex due to the strong dependence of the local temperature gradient ∇||T (r) on the position on
the particle’s surface r as depicted in Fig. 4.51B.
The calculation of the amplitude of the phoretic velocity uth can be split into the contribution of the






















th ,uth) is displayed
in Fig. 4.52A as a function of φ for µps = µau = 1µm2/(sK). It is visible that for the linear velocity
the contribution of the gold surface is negligible. This is, however, different for the angular velocity
Ω. Similar as above, it can be split into Ωau and Ωps. Fig. 4.52B displays the angular velocity
and the individual contributions in dependence on φ for µps = µau = 1µm2/(sK). In contrast to
the analytical expression in Eq. 4.69, which states that the angular velocity is proportional to the
difference µau − µps, and hence, should be zero, the numerical calculations display the opposite
dependence. The small constant temperature gradient on the gold surface enhances the angular
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Figure 4.52: Amplitude of the linear velocity (A) and angular velocity (B) as a function of the particle’s
orientation to the heat source φ with µps = µau = 1µm2/(sK) at r = 1.25µm.
velocity: Ω ∝ µau +µps.
By comparing these calculations to the experimental results, the mobility of the polystyrene and the
gold surface can be obtained. The linear velocity depends only weakly on the contribution of the
gold surface and is further neglected. A good agreement between the numerical calculation and the
experimental results, as presented in Fig. 4.46C, can be found for µps ≈ 3.5µm2/(sK). This value is
comparable to the value found for the Pluronic-coated surface, which supports the idea that the Janus
particle collects the Pluronic when moving along the substrate surface. The angular velocity obtained
by the numerical calculation differs quite strongly from the experimental results (see Fig. 4.45),
which requires a phoretic mobility of the gold surface. For µau ≈ 30µm2/(sK) a good agreement
between the numerical calculation and the experimental results is found.
Even though the value for the gold surface is rather high, it should be noted that it still has only a
minor impact on the particle’s linear velocity. For a self-driven Janus particle, the gold surface is the
heat source, and thus, the gradient will be even weaker. Another aspect, which has to be considered
is the thermal conductivity of a thin gold film. It is expected that this value will become a function of
the thickness of the gold layer, exhibiting a lowered value compared to the bulk value.160 A reduced
thermal conductivity will, however, increase the temperature gradient on the gold hemisphere leading
to a lower required phoretic mobility to reproduce the experimental results.
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4.5.7 Summary and outlook
In summary, a method enabling the study of particle interactions under controlled conditions was
presented. Within the first experiments on the topic of multiple particle interactions, the motion of an
unheated Janus particle of RJP = 500nm in the presence of a radially symmetric temperature profile
created by a laser heated gold colloid of Rau = 125nm was investigated.
The motion of the Janus particle, in the presence of such a non-uniform temperature profile, can
be summarized by a thermophobic motion proportional to the negative local temperature gradient
∇Ψ(r) = ∇T (r) independent of its orientation, away from the heat source φ as long as the phoretic
mobility of the polystyrene surface is positive. The gold surface, displaying a significantly weaker
gradient on its surface, contributes only negligibly to the velocity. The absolute value of uth varies,
however, with φ and is maximal when the gold cap faces the heat source. Furthermore, the external
temperature profile leads to an alignment of the particle with the external temperature gradient,
preferring the scenario the gold cap is facing the heat source. By comparing the experimental data
to analytical expressions,159 the mobility of the polystyrene surface µps ≈ 0.73µm2/(sK) can be
obtained, which is comparable to values found in literature for polystyrene colloids in a constant
external temperature gradient (1.5µm2/(sK)).
These results are well supported by numerical calculations assuming that the external heat source
induces a temperature profile on the particle’s surface leading to a boundary flow proportional to
the local temperature gradient on the particle surface vB = µ∇||T . By comparing these results to
quantitative numerical calculations, clear deviations of the dependence of the dynamical param-
eters uth and Ω on the mobility µps of the polystyrene and µau of the gold surface to the simple
analytical expression in Ref. 159 were found. Due to its weak temperature gradient, the gold still
contributes negligibly to the linear velocity uth and the mobility of the polystyrene surface amounts
µps ≈ 3.5µm2/(sK). But for the angular velocity Ω, the gold surface contributes similar as the
polystyrene surface to the alignment of the particle in the external temperature gradient. Even in
the case µps = µau, a rotational velocity is expected, which is in clear contrast to the analytical
expressions. The mobility on the gold surface was estimated to µau ≈ 30µm2/(sK). It should
be noted that the mobility of the gold surface was estimated assuming a thermal conductivity of
bulk gold. For a thin metal layer deviations are observed and a lowered thermal conductivity is
expected.160 A reduced thermal conductivity will, however, increase the temperature gradient on the
gold hemisphere leading to lower required phoretic mobility to reproduce the experimental results.
To estimate the phoretic mobility of a gold surface the following experiment can be performed:
Using a cover slip fully coated with a thin gold film and heated locally with a focused laser beam a
local temperature increment is caused, which decays with the distance to the focused laser spot. In
such a system the tracer motion can be observed and quantified, as presented in Sec. 4.1, to conclude
on the phoretic mobility.
These results have shown that actively driven Janus particles, each creating a temperature profile
decaying with the inverse distance in their surrounding, might interact similar. As described for each
of these Janus particles, a similar motion in the temperature profile of the others is expected. This
will be altered by the additive nature of the temperature profile. Each Janus particle then experiences
a non-uniform temperature profile, which is the sum of its own temperature profile and all others.
Thus, the motion might be more complex. These measurements are, however, straight forward using
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5.1 Summary of the results
Whenever an interface exhibits a non-uniform temperature, a thermo-osmotic surface flow arises
proportional to the local temperature gradient. Such a thermo-osmotic flow, which is a purely
non-equilibrium phenomenon, is caused by a perturbed interaction layer. The magnitude of the
thermo-osmotic boundary flow and the spatial extension of the boundary layer depend sensitively on
specific interactions of the boundary with the surrounding liquid. The most prominent consequence
of such a boundary flow is the phoretic motion in colloidal suspensions,1–5 in nano-particle,6–9
polymer10–14 or micellar solutions,9, 15, 16 and for DNA17 or proteins.18 Here, the shear flow in the
boundary layer induces a tangential force df on the area element dS of the particle’s surface. In
a mesoscopic description, the fluid is then subjected to an opposite stress −df/dS.45 Hence, the
particle is driven in the opposite direction to the boundary flow. Thereby, the linear velocity is
proportional to the negative average of the surface temperature gradient. Recently, also artificial
swimmers have been proposed, which are able to create the non-uniform temperature by themselves,
and hence, move autonomously by converting a supplied energy into directed movement.46–48 Due
to mass conservation, the thermo-osmotic flow at the interface of the particle creates a special flow
pattern in the vicinity of the surface. The form and spatial extension of the flow pattern depends
sensitively on the geometry of the container and the form of the boundary flow. Self-propelled
particles, which utilize the thermo-osmotic flow for their self-propulsion, are accompanied by a
special velocity field in their surrounding,67–69 in addition to a non-uniform temperatures profile67
in their close proximity. When such particles approach each other, they are able to interact by the
hydrodynamic flow pattern and the non-uniform temperature profile. At high particle densities this
interaction leads to a collective and coherent motion of these particles.51, 54–57, 60–66
In most experiments the particles are located at boundaries confining the liquid spatially. In the case
a heat source is close to the surface, or if a non-isothermal liquid is present, a thermo-osmotic flow at
the substrate surface appears. Such additional substrate flows are either static for an immobile heat
source, or follow the heated particles, e.g. self-thermophoretic Janus particles. This substrate flow
will superimpose with the flow pattern of the swimmer, and is also able to manipulate the motion of
objects located in this flow pattern.
These examples illustrate the importance of thermo-osmotic flows for particle driving and collective
motion at low Reynolds numbers. To investigate the individual contributions the experiments can be
divided into two main topics:
• The experimental observation and quantification of the flow pattern, created by the actively
driven Janus particles and those created by the substrate in the presence of a heat source.
• The investigation of the motion of particles, both passive colloids and active swimmers, in
the presence of an external non-uniform temperature profile and in the thermo-osmotic flow
pattern.
For many of these experiments the control of the motion of the actively driven Janus particle is
necessary. For this purpose experimental tools have been developed to trap or guide single or
multiple Janus particles simultaneously and individually. With the help of these tools, different
experiments have been performed. These investigations were split into five different parts that are
summarized below.
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Results of Sec. 4.1: Thermo-osmotic flow on substrates which exhibit non-uniform tempera-
tures
The first topic of the thesis presents the experiments performed to study the thermo-osmotic flow
pattern at the surface of the glass cover slip in the presence of a local heat source.136 For these
experiments a gold colloid (Rau = 125nm) was immobilized at one of the glass cover slips and heated
optically with a focused laser beam up to a temperature of ∆Tau ≈ 80K above room temperature.
The magnitude of the thermo-osmotic boundary flow and the spatial extension of the boundary layer
depend sensitively on specific interactions of the boundary with the surrounding liquid. Within
this work, two fundamentally different surface properties have been investigated: a charged and
an uncharged surface. A charged surface evolves typically a diffusive counterion cloud in aqueous
solution, known as the charged double layer (Debye layer). Whereas charged surfaces are common
for colloidal particles, many organic species are uncharged. In the case of a surface coated with
Pluronic F-127, specific interactions between the polymer and the water molecules define the
boundary layer. An inevitable consequence of such a boundary flow is an extended flow pattern
in the vicinity of the interface due to mass conservation. This flow pattern thereby depends on the
detailed geometry of the interface and the container as well as on the form of the thermo-osmotic
flow. By tracing the bulk velocity field with single gold colloids (Ø = 150nm), the flow pattern was
obtained. It could be shown that the phoretic properties of the surface quantified by the phoretic
mobility µ can be significantly stronger on uncharged surfaces (µPL = 4.4µm2/(sK)) than on
charged surfaces (µgl = 0.3µm2/(sK)). Most experiments on thermophoresis of colloidal particles
are performed close to interfaces. The examined thermo-osmotic flow, therefore, may lead to
different or false results in experiments in thin film configurations. Further, the thermo-osmotic flow
could be relevant for particle motion caused by hot nanostructures, in addition to thermophoresis and
thermoconvection.161, 162
While the heat source was an immobile gold colloid, these results can be generalized to any heat
source that is close to the surface. For example, the Janus particle, which is a mobile heat source, will
induce a thermo-osmotic flow at the boundary the particle is located at. This induced thermo-osmotic
flow results in a bulk velocity field that is fixed to the Janus particle and able to manipulate close
objects. This has been investigated by placing blank polystyrene beads (Rps = 300nm) in the velocity
field of the substrate in a narrow gap between two extended parallel hard walls. The polystyrene
beads are now influenced by both the non-uniform temperature profile in the surrounding of the heat
source, leading to a thermophoretic motion of these beads, and the hydrodynamic flow pattern. While
the polystyrene beads commonly exhibit a thermophobic motion (moving towards the cold) in the
external temperature profile, the contribution of the hydrodynamic flow pattern depends sensitively
on the geometrical arrangement, and hence, on the thickness of the gap H and the particle diameter
2Rps. It could be shown that, when the thickness of the gap is comparable to the diameter of the
polystyrene beads (H/2Rps < 1.15), the flow pattern was able to reverse the phoretic motion of these
particles and make them effectively thermophilic (driven towards the hot). The thermo-osmotic flow
pattern in thin film experiments (particle diameter comparable to the thickness of the liquid film) is
able to introduce interactions between particles and a heat source. By varying the sample thickness by
fractions of the particle diameter, attraction and repulsion of particles relative to a local heat source
could be switched. Beside the negative influence of the particle motion in experiments close to
interfaces, this additional interaction might be used to adjust the interaction between actively driven
thermophoretic Janus particles. This enables detailed studies of collective phenomena in dependence
on of the strength the pair-interaction.
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Results of Sec. 4.2: Hydrodynamical flow fields of a pinned Janus particle under confinement
This part presents the first experimental measurements on the hydrodynamic flow pattern of a self-
propelled but immobilized Janus particle. This flow pattern was examined in dependence on the
thickness of the narrow gap between two extended parallel hard walls the particle is located in. In
other words, the influence of the confinement on the spatial extension and form of the flow pattern
was investigated. Thereby, two main results can be highlighted. First, the transition of the hydrody-
namic flow pattern of an unbound Janus particle to a confined one could be outlined by comparing
the experimental results to numerical calculations and existing analytical theory.67 The second result
concerns the back reactions of the induced hydrodynamical flow pattern of the substrate on the ef-
fective propulsion velocity of the Janus particle. Here, it could be shown that in dependence on the
ratio of the phoretic mobilities of the substrate to the particle, the velocity is lowered if this ratio is
negative and vice versa. For a comparable phoretic mobility of the substrate and the Janus particle
the absolute increase was estimated to 3%, which is typically negligible.
Results of Sec. 4.3: Basic properties of actively driven thermo-phoretic swimmers
Within this part of the thesis the basic size-dependent properties of the Janus particle were inves-
tigated. These include the ability to harvest the incident electromagnetic energy quantified by the
absorption cross-section, the form and magnitude of the temperature gradient and the resulting
propulsion velocity. By measuring the relative scattered intensity within the darkfield configuration
and comparing it to the analytical theory for the absorption and scattering of gold colloids, the
absorption cross-section has been estimated to scale with the radius squared (σabs ∝ R2), and thus,
with the surface of the gold hemisphere. With the help of numerical calculations it has been shown
that the temperature gradient is the product of the absorbed power Pabs defining the amount of energy
that is dissipated and a geometry factor k (RJP) incorporating the different thermal conductivities in
addition to the geometry. Further, two limits for the size-dependence of the temperature gradient
could be identified assuming a constant incident intensity. For large particle sizes, being significantly
larger than the thickness of the gold cap (RJP  ∆rau), the magnitude and form of the temperature
gradient become independent of the size of the Janus particle.102 For particle sizes approaching the
dimension of the gold hemisphere, the form and spatial extension of the gold cap becomes more
important, leading to a vanishing gradient which results in a vanishing propulsion velocity.
The propulsion velocity of the Janus particle was shown to scale linearly with the incident laser
intensity and further to be size-independent for a constant incident laser intensity within the investi-
gated size range (RJP = 200−1250nm). It should be noted that the linear dependence of the phoretic
velocity on the heating power was measured for a maximally achieved temperature increment of the
gold hemisphere of about 10K. These results support the finding that thermophoresis is independent
on the size of a colloidal particle.28–30 Whereas, it is important to note that for self-thermophoresis,
effects such as described in Ref. 1 do not contribute.
With the help of these results the size-dependent propulsion efficiency102 could be considered.
This propulsion efficiency quantifies the conversion of the absorbed electromagnetic power into the
directed propulsion. Hence, the propulsion efficiency is considered as the ratio of the output power
to the absorbed power. The output power of the Janus particle was calculated by considering the
output power of a colloid of the same size pulled with the velocity uth through the viscous medium.
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The input power, however, incorporates the energy necessary to maintain the temperature gradient
and the propulsion. Similar to the temperature gradient, two regimes could be identified. For large
particle sizes, the propulsion efficiency scales with the reciprocal radius and vanishes for small
particle sizes, similar as reported for theoretical calculations performed by Sabass and Seifert in
Ref. 153 and Ref. 154 for diffusiophoretic swimmers. In conclusion, such particles have an optimal
size where the conversion of the absorbed energy into directed propulsion becomes best.
Results of Sec. 4.4: Active control of the motion of Janus particles
Here, an optical feedback algorithm named ”photon nudging” has been co-developed to gain control
of multiple phoretic swimmers simultaneously; to trap or guide them on individual paths.122, 123
The requirements are a switchable phoretic engine and the knowledge of the particle’s position
and orientation in real time. Whenever the particle’s orientation faces to the desired target position
within an acceptance angle, the phoretic engine is turned on by heating the particle with a laser
beam. When the particle reorients beyond the critical angle due to rotational Brownian motion, the
engine is turned off. The rotational motion of the particle is thereby exploited as the realigning
mechanism leading to a stochastic localization of the particle at the target position. The localization
accuracy quantified by the position error was analyzed in dependence on the control parameters
heating power and acceptance angle. The experimental position error displays two different regimes,
where either diffusion or over-correction due to large propulsion velocities dominate. For a certain
combination of heating power (propulsion velocity) and acceptance angle the position error becomes
minimal. Further, it could be shown that the minimal position error decreases with decreasing
particle size, which is basically a result of the stronger size-dependence of the rotational Brownion
motion (D ∝ 1/R3) compared to the translational one (D ∝ 1/R). In conclusion, this algorithm
allows to trap smaller particles better than larger ones with a position error being approximately the
particle diameter. Further, this feedback algorithm was successfully extended to gain control of the
orientation of the particle in addition to its position by using specialized V-shaped particles.
The photon nudging algorithm delivers a versatile tool for navigation in complex environments
involving the navigation of self-propelled Janus particles labeled with sensor molecules or con-
taining drugs within individual cells. Further, it enables the study of emergent phenomena of
non-equilibrium dynamics of particle ensembles.
Results of Sec. 4.5: Induced alignment of Janus particles in external temperature profiles
The above described method to position actively driven Janus particles was utilized to investigate the
interaction between a defined number of active particles. The first experiment that was performed
has aimed to quantify the role of the non-uniform temperature profile created in the surrounding
of the Janus particle on the motion of other particles located in this profile.163 To separate this
effect from the additional hydrodynamic flow pattern, the Janus particle was replaced by a local heat
source being a gold colloid of radius Rau = 125nm. Upon laser heating, this colloid creates a radially
symmetric temperature profile decaying with the reciprocal temperature. To study the contribution
of such a temperature profile to the interactions of multiple particles, a Janus particle was brought
close to the heat source by the photon nudging algorithm.
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The Janus particle, itself being unheated, exhibited an induced thermophobic motion away from
the heat source independent of the orientation of the particle to the heat source. Additionally, the
particle exhibited an induced rotational motion leading to an alignment of the particle’s orientation
and the external temperature gradient. The induced rotational velocity was quantified by calculating
the angular velocity, which also depends on both the orientation and the distance of the particle to
the heat source. This angular velocity tends to reorient the particle so that the gold cap faces the heat
source. The distance dependence of both the linear and angular velocity scales with the reciprocal
squared distance, and hence, with the local external temperature gradient.
Typically, the temperature gradient on the gold hemisphere is small due to its high thermal con-
ductivity in comparison to the medium. Thus, the contribution of the phoretic boundary flow on
this hemisphere is typically neglected for the linear motion of the Janus particle. With the help of
numerical calculations, it could be shown that for the translational motion the contribution of the tem-
perature gradient on the gold hemisphere is indeed negligible, However, for the rotational motion the
contributions of the polystyrene and gold surface are similar, only rescaled by the phoretic mobility
on each surface. This effect can be related to the complex shape of the induced temperature profile on
the surface of the Janus particle, that varies strongly with the particle orientation relative to the heat
source. By comparing the numerical calculations and the experimental results, the mobility of the
gold surface (µps = 30µm2/(sK)) has been estimated to be by a factor of 8 larger than the mobility of
the polystyrene surface (µps = 3.5µm2/(sK)). It should be noted that the value for the thermal con-
ductivity used for the gold hemisphere was the value for bulk gold. Since the thermal diffusivity of
thin metal films differs from the bulk values,160 the mobility on the gold surface might change as well.
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This thesis has investigated the role of the non-uniform temperature profile and the resulting thermo-
osmotic flow for the transport of mass on microscopic length scales and their contributions to drive
collective motion. While this work has focused on a detailed investigation of the basic properties of
the thermo-osmotic flow as well as their impact on single colloids, future investigations can easily
build on these results and extend the experiments to multiple particles. In the following, several
possible future studies are presented which would directly benefit from the results of this thesis.
Experimental estimate of the size-dependent absorption cross-section
The temperature increment of gold colloids and Janus particles upon laser heating has been estimated
with the help of the phase transition of a liquid crystal (5CB), as described in Sec. 3.3. This temper-
ature increment is proportional to the absorbed power, ∆Tau ∝ Pabs, being the product of the incident
intensity I0 and the absorption cross-section σabs (Pabs = σabsI0). By keeping the incident intensity
constant and varying the particle size, the relative size-dependence of the particle’s absorption
cross-section can be approximated. Further, the absolute value of the absorption cross-section can be
estimated with the knowledge of the exact amount of the incident intensity that actually illuminates
the particle.
Adjusting the interactions by variation of the sample thickness
As presented in Sec. 4.1, the thermo-osmotic flow is able to induce an additional interaction between
particles and the heat source in thin liquid film configurations. By carefully adjusting the sample
thickness, the strength and the sign of the interaction can be varied. Besides immobile gold col-
loids also mobile heat sources such as Janus particles are possible. Such a control of the interaction
between actively driven particles, or between self-propelled and passive particles, enables detailed
investigations of the mechanisms leading to a collective motion of such particles.
Designing artificial interactions by photon nudging
Photon nudging122, 123 (see Sec. 4.4) was presented as a tool to gain control of self-phoretic swimmers
with a switchable engine. An optical real time feedback algorithm was demonstrated to hold the
particle at a certain target position by applying a special feedback rule. In general this feedback rule
can be designed arbitrarily to keep the particle, for example, at a certain distance to the target. By
choosing a second swimmer as the target position for the first one and vice versa, the particles can be
brought to stay in a specific distance to each other or to even mimic a specific interaction potential,
that can be designed by choosing the correct feedback rules.
Analysis of the interaction of a defined number of particles
In the last part of this thesis (Sec. 4.5), an extension of the photon nudging algorithm was demon-
strated to gather a defined number of active swimmers to be able to perform certain experiments on
these particles over an in principle unlimited amount of time. The first study which was presented has
focused on the role of the non-uniform temperature profile in the surrounding of the Janus particle on
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other particles. For this purpose, the Janus particle was kept in close distance to a radially symmetric
heat source. Future investigations can directly continue this research by trapping a continously
increasing number of particles to study their interactions and arising collective motion.
Phoretic mobility of gold
Within the experiments presented in Sec. 4.5, the phoretic mobility was obtained by comparing ex-
perimental results and numerical calculations. Using a thin gold layer and heating it locally with a
focused laser beam, a non-uniform temperature profile along the gold/water interface arises, leading
to an extended flow pattern in the vicinity of the surface. This flow field can be traced with the help of
gold colloids and the phoretic mobility of gold can be approximated. Additionally, the temperature
increment can be approximated as presented in Sec. 3.3.
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